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ABSTRACT 


Angular  distributions  of  neutrons  from  the  reaction  40Ca(d,n)41Sc 
(Ed  =  5.0,  6.0  and  6.5  MeV) ,  42Ca (d ,n) 4 3Sc  (Ed  =  5.15  MeV) ,  48Ca(d,n) 49Sc 
(Ed  =  5.5  and  6.0  MeV)  have  been  measured.  A  large  number  of  levels  have 
been  observed  and  studied.  In  particular,  strongly  populated  states  at 
6.155  MeV  in  43Sc  and  11.571  MeV  in  49Sc  have  been  tentatively  identified 

as  the  isobaric  analogs  of  the  2P3  level  at  2.048  MeV  in  43Ca  and  the 

2 

49Ca  ground  state,  respectively.  A  distorted  wave  analysis  of  these 
reactions  has  been  carried  out  and  spectroscopic  information  for  the  more 
intense  transitions  is  reported. 

An  attempt  was  made  to  evaluate  the  distorted  wave  method  of  data 
analysis  in  the  study  of  the  40Ca(d,n)41Sc  and  48Ca(d,n)49Sc  reactions. 
This  work  was  a  part  of  a  continuing  project,  by  several  groups,  to 
study  the  application  of  DWBA  theory  to  (d,d)  (d,p)  and  (d,n)  reactions 
on  If 7  shell  nuclei. 
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CHAPTER  1 


INTRODUCTION 

1.1  Objectives 

The  objectives  which  form  a  basis  for  the  work  presented  here  may 
be  classified  into  four  categories 

(1)  the  study  of  the  single  nucleon  transfer  reaction  in  the 
vicinity  of  doubly  magic  nuclei;  in  the  first  case  with 
the  nucleus  40Ca  as  a  target  and  in  the  second,  48Ca. 

(2)  the  study  of  the  single  nucleon  transfer  reaction  away 
from  a  closed  shell;  in  this  work  the  nucleus  42Ca  was 
used  as  a  target 

(3)  a  test  of  the  applicability  of  the  Distorted  Wave  Born 
Approximation  method  to  describe  deuteron  stripping 
reactions . 

(4)  an  investigation  into  the  feasibility  of  accurately 
calculating  neutron  detector  efficiencies. 
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1.2  General  Background 

A  great  deal  of  experimental  and  theoretical  interest  has  been 
expressed  recently  in  nuclei  of  the  If 7  shell.  For  example-,  excitation 

7 

energies  arising  from  the  (f 7) 3  configuration  have  been1  calculated- by 

7 

McCullen  (Me  64)  and  attempts  to  reproduce  the  main  features  of  the  43Sc 
nucleus  in  terms  of  the  shell  model  have  been  presented  by  Flowers  (FI  67). 
Recent  attempts  to  understand  the  41  Sc  structure  in  terms  of  3p  -  2h  states 
has  been  presented  by  Gerace  (Ge  67e) . 

Experimentally,  lf7  shell  nuclei  have  been  explored,  most  thoroughly, 

7 

through  a  number  of  charged  particle  reactions.  Some  of  these  are  discussed, 

specifically,  in  the  main  text.  The  present  work  reports  experimental 

information  gained  through  a  study  of  the  (d,n)  stripping  reaction  on 

some  nuclei  in  the  lf7  shell.  The  (d,n)  reaction  should  preferentially 

7 

proceed  through  the  capture  of  protons  into  single  particle  orbits.  If 
this  transfer  results  in  the  formation  of  a  nucleus  which  can  be  described 
in  terms  of  closed  shells  plus  one  nucleon,  then  the  analysis  of  the 
reaction  is  expected  to  be  straight  forward.  From  a  simple  shell  model 
picture,  the  ground  state  of  these  nuclei  are  expected  to  be  characterized 
by  a  single  nucleon  in  the  If 7  shell.  Excited  states  should  be  formed  by 

7 

promoting  the  captured  proton  to  2P3,  If 5  and  2P}  shell  model  orbits.  When 

7  7  7 

a  nucleus  is  formed  several  nucleons  away  from  a  closed  shell,  the  structure 
is  expected  to  be  more  complicated  because  the  nucleons  in  the  unfilled 
shell  can  interact  with  the  captured  proton  and  with  each  other  (configura- 
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tion  mixing). 

The  usefulness  of  a  stripping  reaction  in  obtaining  the  spins  and 
parities  of  nuclear  levels  has  been  pointed  out  by  Butler  (Bu  51) .  In 
deuteron  stripping  reactions,  the  angular  distribution  of  neutrons  or 
protons  is  characterized  by  a  high  differential  cross  section  in  the 
forward  direction.  The  reaction  yield  tends  to  have  a  prominent  maximum 
in  the  forward  direction  and  secondary  maxima  at  larger  angles .  The 
angular  momentum,  £ft,  carried  into  the  target  nucleus  by  the  captured 
nucleon  is  the  major  factor  in  determining  the  shape  of  the  angular 
distribution.  From  the  position  of  the  primary  maximum  in  the  angular 
distribution  of  reaction  products,  it  has  been  possible  to  find  the 
relative  parities  of  the  target  and  residual  nuclei  and  to  determine 
possible  values  for  the  orbital  angular  momentum  transferred  by  the 
captured  particle.  When  the  absolute  reaction  cross  section  is  measured, 
it  is  possible  to  extract  spectroscopic  information,  namely,  the  extent 
to  which  the  final  state  can  be  described  by  the  simple  shell  model 
picture. 

Two  main  theories  exist  for  the  calculation  of  the  angular  distribution 
formed  in  the  transfer  of  a  single  nucleon.  The  theories  are  commonly 
referred  to  as  the  Plane  Wave  Born  Approximation  (PWBA)  and  the  Distorted 
Wave  Born  Approximation  (DWBA) .  Both  of  these  theories  have  been  used  in 
the  present  work.  In  some  cases,  it  has  been  possible  to  test  the  ability 
of  these  theories  to  extract  information  on  nuclear  structure. 

The  Butler  Plane  Wave  Approximation  considers  that  the  initial  and 
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final  states  can  be  treated  as  incoming  and  outgoing  plane  waves.  The 
transferred  nucleon  is  assumed  to  have  no  interaction  with  the  final 
nucleus  except  that  it  is  bound  in  a  harmonic  oscillator  well  to  the 
target  with  the  correct  binding  energy.  Usually,  the  plane  wave  calcula¬ 
tions  describe  only  the  main  features  of  the  angular  distribution.  In 
general,  only  the  forward  maximum  of  the  distribution  is  reproduced  with 
secondary  maxima  falling  far  below  that  observed.  In  addition,  it  calcu¬ 
lates  a  cross  section  which  is  usually  considerably  larger  than  the 
experimental  value,  and  thus,  cannot  be  used  reliably  to  extract  spectro¬ 
scopic  information. 

The  inadequacies  of  the  PWBA  stimulated  the  development  of  a  theory 
in  which  the  distortions  of  the  incident  deuteron  and  emergent  proton  or 
neutron  waves  by  the  coulomb  and  nuclear  fields  are  taken  into  account 
(To  61) .  The  distortions  are  assumed  to  be  the  same  as  those  occuring 
in  elastic  scattering  so  that  they  may  be  calculated  from  the  appropriate 
elastic  scattering  data. 

The  distorted  wave  theory  gives  improved  agreement  with  the  experi¬ 
mental  data  in  several  respects.  It  gives  the  Coulomb  distortion  correctly 
and  usually  fits  the  backward  cross  section  better  than  the  PWBA.  The 
absolute  magnitudes  of  the  cross  section  are  much  more  accurate  so  that 
reliable  spectroscopic  information  can  be  extracted. 

The  differential  cross  section  for  a  direct  reaction  of  the  form 
A(a,b)B,  in  the  distorted  wave  Born  Approximation  can  be  written  as 
(Au  63,  Au  64) 
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da  =  Pa^b  ^  (2jg  +  1)  kfe  ^  |a£sj  | 
(  2ttT12  ) 2  (2Ja  +  1)  ka  £sj  2sa+l 


where 


ya  and  yg  are  the  reduced  masses  of  the  pairs  (a, A)  and  (b,B); 

ka  and  kg  are  the  wave  vectors  for  particles  a  and  b; 

JA,  Jg,  Sa  and  Sg  are  the  spins  of  particles  A,  B,  a  and  b, 
respectively  with  corresponding  z  components  MA,  Mg  ma  and  mg; 


A0  .  is  related  to  the  spectroscopic  factor  S 

A/®  J 


g&m 

sj 


1 

(2M-1)  1/2 


dr 


(-) 


(+) 


bXb  (kb»rb)f£sjm(rb’ra)x  (ka>ra> 


Xg^“)  is  the  outgoing  elastic  scattering  waves, 

Xa(+)  is  the  incoming  elastic  scattering  wave, 

f^sjm  ProPorti°nal  to  the  radial  wave  function  of  the  bound 
nucleon  in  deuteron  stripping  reactions. 

The  elastic  scattering  waves  and  the  bound  nucleon  wave  function  are 


solutions  of  the  radial  Schrodinger  equation 


» »  2m 

h  M  -  71  [Ec.m.  +  V(r)  -  -  0 

™  *  2m  r2 

where  the  potential  V(r)  is  the  optical  model  potential. 

For  deuteron  stripping  in  the  so  called  zero  range  approximation, 
the  factor  A^sj  is  related  to  the  spectroscopic  factor  S^j  by  the 
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relation  (Sa  64) 

Ksjl* 1 2 *  =  1.48  *  104(2Sa  +  1)  Sy 

Under  these  conditions,  the  spectroscopic  factor  is  defined  as 

S  =  a (experimental) 
a  DWBA 

These  properties  of  direct  interactions  make  the  (d,p)  and  (d,n) 
reactions  very  powerful  tools  for  the  study  of  the  structure  of  the 
nucleus . 


1.3  General  Experimental  Details 

In  fast  neutron  spectroscopy,  the  most  accurate  measurement  of 
neutron  energy  is  by  means  of  a  time  of  flight  spectrometer  which 
determines  the  energies  of  neutrons  by  individually  timing  their 
flight  over  an  accurately  measured  path.  A  neutron  time  of  flight 
spectrometer  must  accurately  fix  two  time  points: 

(1)  a  zero  or  start  time  related  to  the  production  of  the 
neutron  at  the  target. 

(2)  a  stop  time  determined  by  the  arrival  of  the  neutron  at 

a  detector. 

From  the  measurement  of  time  and  distance,  the  neutron  velocity  and 
hence  energy  can  be  calculated.  For  the  University  of  Alberta,  spectro¬ 
meter  neutron  flight  paths  of  1  to  6  meters  can  be  used,  this  typically 
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results  in  flight  times  ranging  from  50  to  500  nanoseconds.  For  a  precise 
energy  measurement,  the  nuclear  reaction  producing  the  neutron  must  be 
localized  in  a  time  interval  that  is  small  compared  to  the  flight  time. 
This  can  be  achieved  by  pulsing  the  beam.  The  beam  repitition  rate  is 
arranged  so  that  the  slowest  neutrons  reach  the  detector  before  the  next 
beam  burst. 

Several  methods  for  beam  pulsing  have  been  developed  in  the  past: 

(1)  chopping  the  continuous  beam  from  a  Van  de  Graaff  by  means  of 
a  beam  deflector  and  slits  (Ne  59) . 

(2)  pulsing  before  acceleration  (Fo  60,  Be  62). 

(3)  compression  of  the  pulsed  beam  from  (2)  after  acceleration 
(Cr  61,  Ts  66). 

Method  (1)  suffers  from  severe  loss  of  beam  on  the  chopping  slits 
and  unwanted  neutron  and  gamma  ray  background  from  inevitable  contaminants 
on  these  slits.  Method  (2)  is  undesirable  since  one  is  limited  to  a  time 
resolution  of  approximately  4  ns  even  with  beam  repetition  rate  of  5  MH. 

The  background  problems  of  (1)  are  eliminated  since  slits  in  the  target 
area  are  not  required.  In  addition,  beam  loss  is  not  severe  since  ion 
sources  are  available  which  deliver  a  pre-acceleration  current  of  approxi¬ 
mately  1-2  milli-amp.  After  chopping, 10  micro-amp  of  beam  is  typically 
delivered  on  target.  Method  (3)  which  combines  pre-acceleration  pulsing 
and  post-acceleration  compression  of  this  pulsed  beam  with  a  Mobley 
bunching  magnet  has  been  the  most  successful.  Beam  bursts  less  than  1 
ns  (FWHM)  with  an  average  current  of  3.0  yA  are  easily  obtained.  Such  a 
system  was  used  for  the  experimental  work  to  be  presented  here.  A  simpli- 
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fied  diagram  of  the  beam  handling  and  pulsing  system  together  with  the 
Mobley  magnet  is  shown  in  figure  1-1.  A  more  complete  description  of  the 
system  is  given  in  the  Ph.D  thesis  of  W.G.  Davies  (Da  66). 

An  R.F.  ion  source  located  at  the  high  voltage  terminal  of  the  Van 
de  Graaff  accelerator  delivers  approximately  2  milli-amps  of  d.c.  beam. 

This  beam  is  swept  in  an  elliptical  path  over  a  yy  inch  aperture  by 
two  sets  of  R.F.  deflection  plates  set  at  right  angles  to  each  other 
and  driven  90°  out  of  phase  by  a  1  MH  oscillator.  The  resulting  beam 
bursts  have  a  time  resolution  of  10  -  15  ns  (FWHM)  and  an  average  current 
of  approximately  10  yA.  Energy  (momentum)  analysis  of  the  beam  is 
achieved  by  a  90°  analyzing  magnet  located  at  the  base  of  the  accelerator. 

The  principle  of  operation  of  the  Mobley  magnet  is  shown  schematically 
in  figure  1-1.  A  beam  burst  entering  the  deflection  plates  of  the  phase 
locked  deflection  oscillator  is  swept  in  such  a  manner  that  the  first 
particles  leaving  the  deflector  take  the  longest  paths  through  the  magnet 
while  those  leaving  last  take  the  shortest  paths  with  intermediate  particles 
being  deflected  to  paths  appropriate  to  their  time  of  departure.  If  the 
phase  and  amplitude  of  the  deflector  are  properly  adjusted,  all  particles 
will  arrive  at  the  target  at  almost  the  same  time.  A  90°  Mobley  magnet 
with  a  radius  of  75  inches  is  used  in  the  present  installation.  Accurate 
measurements  of  the  optimum  pulse  duration  (Ge  67)  indicates  that  0.4  + 

0.05  ns  is  possible  with  the  present  bunching  system  in  contrast  to  the 
value  of  0.8  ns  measured  by  Davies  (Da  66). 


. 


Figure  1-1 


Essential  features  of  the  beam  pulsing  system 
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CHAPTER  2 


THE  40Ca(d,n)41Sc  REACTION 

2.1  Introduction 

The  nuclei  41Ca  and  41  Sc  formed  by  the  addition  of  one  nucleon  to 
the  doubly  magic  nucleus  40Ca,  have  recently  been  the  subject  of  much 
investigation.  In  particular,  the  reaction  40Ca(d,p)41Ca  has  been  used 
as  a  test  of  the  validity  of  the  Distorted  Wave  Born  Approximation  (DWBA) 
(Le  64)  to  describe  stripping  angular  distributions.  This  reaction  was 
chosen,  since  the  levels  of  41Ca  are  thought  to  correspond  to  good  single 
particle  states;  spectroscopic  factors  are  then  predicted  to  be  unity. 
This  allowed  a  more  rigorous  test  of  the  ability  of  DWBA  to  predict 
absolute  cross  sections.  Moreover,  40Ca  was  heavy  enough  that  the  diffi¬ 
culties  encountered  in  work  with  very  light  nuclei  were  not  expected  to 
be  important.  Measurements  were  made  over  a  range  of  deuteron  energies 
from  7  to  12  MeV  in  order  to  observe  the  effects  of  changing  the  incident 
deuteron  energy. 

In  the  present  study  of  the  40Ca(d,n)41Sc  reaction,  the  ability  of 
the  DWBA  theory  to  adequately  predict  details  of  nuclear  structure  is 
further  tested.  The  (d,n)  reaction,  in  this  case,  leads  to  41  Sc,  the 
mirror  nucleus  of  41Ca,  and  thus,  the  spectroscopic  factors  should  be 
equal  to  unity  here  also.  Deuteron  energies  of  5.0,  6.0  and  6.5  MeV 
were  chosen  for  the  study.  In  addition,  a  study  of  the  4 °Ca (d ,d) 4 °Ca 
and  40Ca(d,p) 41Ca  reactions  was  carried  out  at  these  same  energies  by 
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another  group  in  this  laboratory  (Le  67).  This  provided  the  necessary 
optical  model  information  for  the  incoming  channel  and  also  provided 
a  complementary  study  of  two  possible  outgoing  channels.  It  is  hoped 
that  a  unified  experimental  approach  of  this  kind  can  shed  some  light 
on  the  inadequacies  that  now  exist  in  our  understanding  of  reaction 
theory. 

In  the  case  of  41Sc,  the  test  is  limited  to  the  ground  state 
transition,  since  all  the  excited  states  are  unbound  to  proton  emission. 
Commonly  available  distorted  wave  programs  require  the  captured  particle 
to  be  bound  in  a  Woods-Saxon  well  whose  depth  is  adjusted  to  give  the 
captured  particle  a  binding  energy  equal  to  its  separation  energy. 
Unbound  states  can  be  studied  in  an  approximate  manner  by  artifically 
adjusting  the  value  of  the  separation  energy  to  just  make  the  level 
look  bound.  The  feasibility  of  this  approach  has  been  tested  in  the 
present  study. 

The  plane  wave  stripping  theory  of  Butler  can  handle  stripping  to 
unbound  states.  An  analysis  with  the  Butler  theory  has  been  carried 
out,  and  its  ability  to  describe  the  experimental  data  is  examined. 

A  number  of  levels  in  41  Sc  had  not  been  seen  before  through  the 
40Ca(d,n)41Sc  reaction.  The  spectroscopy  of  these  levels  is  discussed 
in  terms  of  the  information  available  from  plane  wave  fits. 
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2.2  Experimental  Method 

The  experiment  was  performed  with  the  University  of  Alberta  5.5 
MeV  Van  de  Graaff  accelerator  and  associated  Mobley  Magnet  Compression 
System  both  of  which  have  been  described  earlier. 

A  block  diagram  of  the  time  of  flight  electronics  is  shown  in 
figure  2-1,  The  start  signal  for  the  time  ..of  flight  measurement  was 
derived  from  dynode  14  of  the  neutron  detector.  The  stop  signal  came 
from  a  3  cm  long  cylindrical  beam  sensing  .capacitor  located  30  cm 
before  the  target.  It  is  advantageous  to  use  the  detector  rather  than 
the  capacitor  pulse  for  a  start  signal  since  the  analysis  of  an  event 
is  initiated  only  when  a  neutron  is  detected..  The  stop  signal  does  not, 
in  actual  fact,  originate  from  the  beam  pulse  that  produced  the  neutron, 
but  from  the  following  pulse.  The  use  of.  the  following  pulse  introduces 
a  time  jitter  less  than  40  pico-sec.  (Ge  67a)  which  is  small  compared  to 
other  factors  influencing  the  time  resolution. 

The  start  and  stop  signals  were  fed  into  a  time  to  amplitude  conver¬ 
ter  (TAC)  based  on  a  design  by  D.L.  Wieber .  (Wi  63).  The  output  of  the 
TAC  was  fed  to  a  1024  channel  analog  to  digital  converter  (ADCA) .  In 
order  to  improve  the  time  resolution  of  the  spectrometer,  a  correction 
was  made  for  timing  signal  walk  in  the  start  pulse.  Walk  is  introduced 
into  the  system  from  this  signal  because  of  the  large  range  of  amplitudes 
associated  with  the  proton  recoil  spectrum.  The  neutron  detection  process 
involves  looking  at  the  light  output  from  recoiling  protons  whose  energy 


Figure  2-1 


Block  diagram  of  the  time  of  flight  electronics 
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(and  consequently  light  output)  can  range  from  zero  to  the  energy  of 
the  neutron.  The  signal  for  the  correction  was  taken  from  dynode  11 
of  the  photomultiplier  and  fed  to  a  second  1024  channel  analog  to  digi¬ 
tal  converter  (ADCB) .  The  outputs  of  ADCA  and  ADCB  were  fed  to  an 
SDS-920  computer  where  the  correction  for  walk  was  made  to  the  spec¬ 
trum  from  ADCA  on  the  basis  of  the  pulse  height  in  ADCB.  The  correc¬ 
tion  amounts  to  a  spectrum  shift  determined  from  a  table  relating 
shift  and  pulse  height.  This  table  was  found  by  using  a  32  by  128 
two  parameter  analysis  of  neutrons  from  the  reaction  T(d,n)4He.  The 
two  parameters  are  respectively  the  signal  amplitude  from  dynode  11 
and  the  neutron  time  of  flight.  The  shift  typically  ranged  from  0  to 
4  ns  depending  upon  the  proton  recoil  energy. 

The  time  resolution  obtained  in  the  experiment  was  approximately 
0.9  ns.  A  flight  path  of  4.0  meters  was  used  throughout  the  experiment. 
The  energy  resolution  of  the  spectrometer  was  then  70  KeV  for  5.0  MeV 
neutrons . 

Gamma  ray  background  was  reduced  by  the  use  of  a  gamma  eliminator 
of  the  type  described  by  Reid  and  Hummel  (Re  .66) „ 

Neutron  fluxes  were  monitored  by  an  additional  time  of  flight 
system  situated  at  an  angle  of  -  30°  to  the  incoming  beam.  The  design 
of  the  monitor  system  was  quite  similar  to  the  main  time  of  flight 
system  except  that  there  was  no  gamma  elimination  and  no  computer 
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correction  for  walk.  Crossover  timing  was,  however,  used  to  minimize 
the  walk.  A  flight  path  of  2.0  meters  was  used  for  the  monitor  detector. 
The  use  of  a  monitor  of  this  kind  eliminates  the  effects  of  target  non¬ 
uniformities  in  the  determination  of  relative  angular  distributions. 

The  main  detector  was  a  cylindrical  (3.45"  diameter  x  0.75"  length) 

NE  213*  liquid  scintillator  coupled  to  a  Philips  XP  1040  photomultiplier. 

A  Naton  phosphor^  coupled  to  an  RCA  8575  photomultiplier  served  as  the 
monitor  detector. 

The  relative  efficiency  of  the  main  neutron  detector  from  cut-off 
energy  (0.60  MeV)  to  3.80  MeV  was  determined  in  a  separate  experiment 
with  the  reaction  T(p,n)3He  as  a  source  of  mono-energetic  neutrons. 

The  neutron  yield  of  the  T(p,n)3He  reaction,  as  a  function  of  bombarding 
energy,  was  monitored  by  a  McKibben  long  counter.  The  relative  efficiency 
for  neutrons  above  3.8  MeV  was  obtained  by  a  normalization  of  the  relative 
efficiency  curve  to  the  total  n-p  scattering  cross  section.  Absolute 
efficiencies  were  obtained  by  normalization  of  the  relative  efficiency 
curve  to  two  absolute  efficiency  measurements  at  2.75  and  4.11  MeV. 

The  absolute  efficiency  had  been  previously  measured  at  these  two 
points  (Bu  67)  by  the  associated  particle  method  with  the  reaction 
D(d,n)^He.  The  error  in  the  measurement  of  absolute  efficiency  is 
estimated  to  be  +  5%. 

*  Nuclear  Enterprises  Ltd.,  Winnipeg,  Manitoba,  Canada, 
t  Nash  and  Thompson  Ltd.,  Hookrise  South,  Tolworth,  Surrey,  England. 
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Calcium  targets  were  prepared  by  evaporation  of  natural  calcium 
unto  0.005"  gold  backings.  In  an  attempt  to  minimize  calcium  oxidation, 
all  target  transfer  operations  were  carried  out  in  a  helium  atmosphere. 

Even  with  the  care  taken  contaminant  peaks  from  the  reactions  160(d,n)17F 
and  12C(d,n)13N  were  present  in  all  spectra.  A  target  thickness  of  130 
yg/cm2  was  used  for  the  studies  at  5.0  and  6.0  MeV  deuteron  bombarding 
energy.  The  target  thickness  at  6.5  MeV  bombarding  energy  was  50  yg/cm2. 
Target  thicknesses  were  measured  by  weighing  at  the  completion  of  the 
experiments . 

A  check  on  the  stability  of  the  targets  under  bombardment  was 
obtained  by  determining  the  ratio  of  yields  to  the  17F  ground  state  and 
the  41Sc  ground  state  in  the  monitor  spectra.  Throughout  the  experiment, 
no  change  in  this  ratio  was  detected.  It  was,  thus,  concluded  that  neither 
target  evaporation,  nor  oxidation  had  taken  place.  The  ratio  of  charge  to 
the  1 3N  ground  state  yield  in  the  monitor  spectrum  was  also  found  for  each 
run  and  showed  no  increase  throughout  the  experiment. 

A  charge  of  1800  uc  was  collected  for  each  run  with  an  Elcor  Model 
A309A  current  integrator.  Beam  was  stopped  in  the  0.005"  target  backing 
which  was  biased  to  +  300  volts  to  suppress  secondary  electron  emission. 

The  target  backing  was  anchored  to  a  0.030"  gold  plate  which  was  air 
cooled.  This  arrangement  was  found  to  be  quite  adequate  in  dissipating 
the  10  -  15  watts  normally  deposited  in  the  target  backing. 

At  the  completion  of  the  experiments ,  it  was  found  that  the  ratio 
of  charge  to  monitor  counts  was  constant  to  within  statistics.  This 
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indicated  that  the  target  was  probably  quite  uniform  (making  the 
determination  of  target  thickness  by  weighing  more  feasible) ,  and  that 
alternate  pulsing  of  the  beam  had  not  occurred.  Alternate  pulsing  can 
occur  when  the  top  terminal  RF  system  sweeps  the  beam  over  the  chopping 
slits  twice  per  RF  cycle.  This  unwanted  beam  is  90°  out  of  phase  for 
modulation  by  the  Mobley  RF  system  and  so  appears  as  debunched  beam  on 
the  target.  The  result  is  unwanted  background  and  incorrect  charge 
collection.  Alternate  pulsing  is  easily  eliminated  by  carefully  setting 
up  the  accelerator  before  data  collection. 

The  bombarding  energy  was  measured  with  a  90°  analyzing  magnet. 

The  magnet  was  calibrated  in  terms  of  the  ground  state  thresholds  for 
the  reactions  7Li(p,n)  Be,  3C(p,n)i3N,  l3F(p,n)j3Ne  and  2 7A1 (p ,n) 2 7Si 
(Ma  66a).  The  bombarding  energy  is  estimated  to  be  accurate  to  within 
+  3  KeV  at  6.0  MeV. 

2.3  Results 

Figure  2-2  shows  excitation  curves  for  the  ground  and  first  excited 
state  measured  at  90°  to  the  incident  beam*-  These  measurements  were 
taken  to  ensure  that  the  energies  chosen  for  angular  distribution  studies 
were  not  near  strong  compound  nucleus  resonances.  Little  structure  was 
observed  for  both  of  these  excitation  curves.  A  similar  observation 
was  also  made  for  deuteron  elastic  scattering  on  40Ca  at  90^  (Le  67). 

It  would  seem  then  that  the  (d,n)  reaction  should  satisfy  well  the 
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Figure  2-2  Excitation  functions  for  the  ground  and  first  excited  states 
of  4iSc  taken  at  90c  to  the  incident  beam.  Representative 
error  bars  are  shown 
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optical  model  condition  of  smoothly  varying  cross  sections.  Bombarding 
energies  of  5.0,  6o0  and  6.5  were  chosen  for  the  measurement  of  angular 
distributions . 

Figure  2-3  shows  a  typical  time  of  flight  spectrum.  This  spectrum 
was  taken  at  a  bombarding  energy  of  6.5  MeV,  a  flight  path  of  4.00 
meters  and  at  a  detector  angle  of  30°  to  the  incident  beam.  Peaks  have 
been  labelled  according  to  the  levels  in  the  residual  nucleus.  The 
excitation  energies  of  the  4iSc  levels  are  from  the  present  work. 
Contaminant  groups  are  labelled  with  excitation  energies  obtained  from 
AJZENBERG-SELOVE  (Aj  59) . 

Peak  areas  and  positions  were  found  by  the  computer  program 
"Anneliese"  obtained  from  J.W.  Tepel  (Te  66).  The  program  fits  a  standard 
peak  shape  determined  from  one  of  the  spectra  to  the  various  peaks  in  a 
spectrum.  The  program  is  superior  to  a  gaussian  fitting  method  in  that 
the  actual  peak  shape  rather  than  an  assumed  one  is  used.  This  was 
important  in  the  present  experiment  since  the  correction  for  walk  left 
a  low  energy  tail  on  the  peaks  that  would  otherwise  have  been  difficult 
to  take  into  account.  The  program  has  the  additional  advantage  of  an 
automatic  peak  finding  routine  which  .reduces  considerably  the  work  of 
peak  fitting.  For  the  sake  of  comparison,  angular  distributions  for 
the  5.0  MeV  data  were  found  by  summing  by  hand  and  also  with  the  program. 
Without  exception,  the  angular  distributions  produced  by  the  program  were 
smoother  than  those  produced  by  hand.  This  would  tend  to  indicate  that 
a  more  objective  approach  is  taken  by  the  program  than  by  the  individual. 
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Figure  2-3  A  time  of  flight  spectrum  for  the  reaction  4 °Ca (d ,n) 4 1  Sc . 

Peaks  are  labelled  according  to  the  excitation  energies  of 
levels  in  the  residual  nucleus.  Unless  otherwise  indicated, 
excitation  energies  are  for  levels  in  4 "Sc.  The  straight 
line  drawn  through  the  spectrum  indicates  the  time  calibra¬ 
tion  of  the  spectrometer 
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Table  2-1  shows  the  excitation  energies  assigned  to  the  levels  of 
Sc  seen  in  the  present  experiment.  Peaks  were  kinematically  followed 
through  each  angle  taken  in  the  angular  distribution  measurements.  Once 
the  origin  of  a  peak  had  been  established,  the  Q  value  was  determined 
for  each  angle  and  the  data  averaged.  The  time  scale  was  calibrated 
with  the  well  known  Q  values  (Aj  59)  from  the  reaction  9Be(d,n)10B. 

The  time  calibration  obtained  was  0.276  ns/channel.  The  zero  time 
for  each  spectrum  was  determined  by  using  the  contaminant  neutron 
groups  from  the  reactions  : &0(d ,n)  ~F  and  -2C(d,n)i3N.  Calibration 

Table  2-1 


Excitation  Energies  of  Levels  in  ^  Sc  in  MeV 


Present 

Experiment 

Macef ield 
(d,n)  (Ma  61) 

Youngblood 
(p  j y)  (Yo  65) 

0 

0 

1.718  +  0.007 

1.709  +  0.030 

1.714 

2.096  +  0.007 

2.094 

2.415  +  0.008 

2  „  476  +  0.030 

2.409 

2.593  +  0.009 

2.584 

2.719  +  0.008 

2.713 

3.463  +  0.009 

3.467 

3.721  +  0.010 

3.729 

3.776  +  0.010 

3.778 

. 
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of  the  zero  time  in  terms  of  these  contaminant  groups  eliminated  the 
effects  of  baseline  shifts  in  the  time  analyzer.  A  Q  value  of  -  1.146 
+  0.006  was  found  for  the  transition  to  the  4-Sc  ground  state.  The 
error  quoted  for  this  Q  value  arises  from  an  error  of  +  3  KeV  in  bombard¬ 
ing  energy,  a  roughly  estimated  3  KeV  spread  from  target  thickness,  +  3 
KeV  from  errors  in  peak  positions  on  the  spectra  and  a  +  3  KeV  spread 
from  the  transverse  momentum  imparted  to  the  beam  by  the  Mobley  RF  system. 
The  present  Q  value  for  the  ground  state  transition  is  in  good  agreement 
with  the  value  of  1.147  +  0.015  MeV  previously  found  by  Macefield  (Ma  61). 
An  excitation  energy  of  1.718  +  0.007  found  for  the  first  excited  state 
of  4 "Sc  is  also  in  good  agreement  with  the  value  of  1.709  +  0.030  MeV 
found  by  Macefield  (Ma  61) .  A  weak  level  at  an  excitation  energy  of 
2.096  +  0.007  MeV,  not  observed  by  Macefield  (Ma  61),  was  seen  in  the 
present  experiment.  A  value  of  2.476  +  0.030  MeV  found  by  Macefield  for 
the  excitation  energy  of  the  third  excited  state  of  u -  Sc  is  quite  differ¬ 
ent  from  the  present  value  of  2.415  +  0.008  MeV.  All  excitation  energies 
agree  to  within  experimental  errors  with  those  recently  obtained  by 
Youngblood  (Yo  65)  in  a  H°Ca(p,Y)14  iSc  experiments  The  excitation  energies 
obtained  by  Youngblood,  for  the  states  seen  in  the  present  experiment, 
are  presented  in  the  third  column  of  Table  2-1. 

The  results  of  the  angular  distribution  measurements  are  shown  in 

figures  2-4  to  2-9.  The  error  bars  shown  with  the  experimental  points 
indicate  relative  error  only.  They  arise  from  statistical  errors, 
background  subtraction  and  the  relative  variation  in  detector  efficiency. 
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Figure  2-4  ^CaCdjii)41  Sc  ground  state  angular  distributions  at  deuteron 
bombarding  energies  of  5.0,  6.0  and  6.5  MeV.  Error  bars  are 
indicated  except  where  they  are  smaller  than  the  experimental 
points.  The  curves  shown  with  each  distribution  are  DWBA 
calculations 
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Figure  2-5  Centre  of  mass  angular  distributions  for  neutrons  leading 

to  the  1.718  MeV  state  of  4 1  Sc  from  the  reaction  40Ca(d,n)41Sc. 
The  curves  shown  with  each  distribution  are  Butler  Plane  Wave 
fits 
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Figure  2-6  Centre  of  mass  angular  distribution  for  neutrons  leading 

to  the  2.096  MeV  state  of  1+1  Sc  from  the  reaction  u  °Ca  (d  ,n) 4 1  Sc 
at  5.0  MeV  bombarding  energy.  The  curves  are  from  Butler  Plane 
Wave  calculations 


I  III  It  In 


CROSS  SECTION  (mb/sr) 


0CM.(deg) 


26 


Figure  2-7  Centre  of  mass  angular  distributions  for  neutrons  leading 

to  the  2.415  MeV  state  of  H 1  Sc  from  the  reaction  4 °Ca (d ,n) 14 1  Sc . 
The  curves  are  from  Butler  Plane  Wave  calculations 
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Figure  2-8  Centre  of  mass  angular  distribution  for  neutrons  leading  to 
the  2.719  MeV  state  of  4]Sc  from  the  reaction  t+0Ca(d,n)41Sc 
at  6.0  MeV  bombarding  energy.  Section  A  shows  Butler  fits 
with  a  coulomb  correction.  Section  B  shows  Butler  fits  with 
the  coulomb  correction  removed 
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Figure  2-9  Centre  of  mass  angular  distributions 
the  3.463  MeV  state  of  1+1  Sc  from  the 
at  6.0  and  6.5  MeV  bombarding  energies.  The  curves  represent 
Butler  Plane  Wave  calculations.  The  dashed  curve  is  a  Butler 
fit  without  a  coulomb  correction.  All  remaining  curves  have 
the  coulomb  correction  included 
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Absolute  cross  section  values  may  have  an  additional  error  of 
+  20%  due  to  the  possibility  of  some  target  oxidation  before  weighing. 

An  angular  distribution  for  the  weak  2.096  MeV  state  could  only  be 
extracted  from  the  5.0  MeV  data  because  of  increasing  background  problems 
with  increasing  energy.  In  addition,  some  angular  distributions  do  not 
extend  into  the  backward  angles  because  of  difficulties  encountered  in 
extracting  the  data  from  the  background. 

The  first  excited  state  of  13N  from  the  reaction  12C(d,n)13N  was 
found  to  be  a  troublesome  contaminant  from  0  -  45°  in  the  determination 
of  the  angular  distribution  of  the  1.718  MeV"  state  in  41  Sc.  At  5.0  MeV, 
the  results  of  Yaramis  (Ya  61)  were  used  to  extract  the  1 3N  contaminant. 
The  12C(d,n)13N  angular  distributions  of  Obst  (Ob  66)  were  used  to  extract 
the  contaminant  from  the  6.0  MeV  data.  The  maximum  value  of  the  1 3N  con¬ 
taminant  was  found  to  be  4.5%  of  the  1.718  MeV  peak  at  0°,  and  0.7%  at 
30°  for  both  the  5.0  and  6.0  MeV  data*.  No  previously  measured  angular 
distributions  could  be  found  for  the  12C(d,n)13N  reaction  at  6.5  MeV. 
Consequently,  this  reaction  was  studied  at  6.5  MeV.  For  the  sake  of 
completeness,  the  angular  distributions  are  included  in  this  report  and 
are  presented  in  figure  2-10.  No  attempt  was  made  to  extract  any  informa¬ 
tion  on  the  two  overlapping  states  at  3.51  and  3.56  MeV  in  13N.  The  1 3N 
contaminant  was  found  to  be  14%  of  1.718  MeV  peak  at  0°  and  1.5%  at  30°. 

Contaminant  peaks  from  the  reaction  160(d,n)17F  were  seen  on  all 
spectra.  Transitions  to  the  ground  and  0.500  MeV  level  in  17F  were 
observed,  but  were  not  troublesome  contaminants.  Angular  distributions 
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Figure  2-10  Centre  of  mass  angular  distributions  for  the  ground  state 
and  2.365  MeV  state  of  1 3N  from  the  reaction  12C(d,n)13N 
at  a  deuteron  bombarding  energy  of  6.5  MeV.  Error  bars 
are  shown  where  they  exceed  the  size  of  the  experimental 
points.  Numerical  values  of  these  cross  sections  are 
presented  in  Appendix  II 
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were  extracted  for  these  two  states  at  5.0,  6.0  and  6.5  MeV.  Only  the 
6.0  and  6.5  MeV  distributions  are  presented  here  (see  section  2.7)  since 
the  5.0  MeV  distributions  have  been  presented  previously  by  Davies  (Da  66) 
and  Yaramis  (Ya  61).  In  addition,  the  6.0  MeV  distributions  were  extracted 
to  accompany  the  160(d,n)17F  polarization  angular  distributions  measured 
by  Gedcke  (Ge  67b). 

2.4  DWBA  Analysis  of  the  Ground  State  Angular  Distributions 

The  curves  in  figure  2-4  are  the  predictions  for  the  4 °Ca(d ,n) 4 1  Sc 
ground  state  transition  from  a  Distorted  Wave  Born  Approximation  (DWBA) 
stripping  program  written  by  W.R.  Smith  (Sm  65) .  The  optical  model 
potential  used  in  the  analysis  was  of  the  surface-absorption  type  and 
had  the  form 

U(r)  = 

-  V  f (r ,  rQ,  a)  +  i4a"w(d/dr)f (r ,  rD,  a')  +  Uc(r) 

where  V  is  the  depth  of  the  real  potential,  W  is  the  depth  of  the  imaginary 

potential  and  Uc(r)  is  the  coulomb  potential  arising  from  a  uniformly 

1 

charged  sphere  of  radius  1.25  A3  fm.  and  charge  Z.  The  function  f(r,  rQ,  a) 
is  the  Woods-Saxon  form  factor 

i  -1 

f (r ,  r0,  a)  =  (1  +  exp  [(r  -  rD  A3)/a]> 

where  rQ  and  a  are  respectively  the  radius  and  diffuseness  parameters. 

Note  that  these  are  usually  different  for  the  real  and  imaginary  parts  of 
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the  potential.  A  finite  range  correction  (Bu  64,  Di  65)  to  the  zero 
range  approximation  was  included  as  an  option  in  the  program.  This 
option  was  used  throughout  the  present  DWBA  calculations. 

The  proton  wave  functions  for  the  bound  particle  were  calculated 
in  a  Woods-Saxon  potential  well  with  radius  rG  =  1.25  fm  and  diffuseness 
a  =  0.65  fm.  The  proton  potential  had  no  imaginary  part,  but  did  include 
a  derivative  type  of  spin-orbit  potential  with  a  depth  of  6.0  MeV.  With 
these  parameters,  a  well  depth  of  53.39  MeV  was  required  for  the  Z  =  3 
ground  state  transition  to  give  the  proton  a  binding  equal  to  its  separa¬ 
tion  energy. 

Optical  model  parameters  for  the  incoming  channel  were  found  from 
deuteron  elastic  scattering  studies  by  Leighton  (Le  67)  on  40Ca  at  the 
same  energies  as  in  the  present  experiment.  These  parameters  are  listed 
in  Table  2-2  for  the  three  energies  studied. 

Two  sets  of  curves  are  presented  in  figure  2-4  for  each  bombarding 
energy  studied.  In  each  case,  these  represent  two  distinct  sets  of 
optical  model  parameters  for  the  outgoing  neutron  channel.  The  solid 
curve  represents  calculations  with  the  average  set  of  neutron  parameters 
due  to  Perey  and  Buck  (Table  2-3)  which  were  summarized  by  Rosen  at  the 
Karlshrue  Conference  on  Polarization,  Sept.,  1965  (Ro  66).  The  three 
solid  curves  are  normalized  to  the  experimental  data  at  zero  degrees 
and  give  spectroscopic  factors  0.78,  0.83  and  0.81.  The  shape  of  the 
angular  distribution  is  duplicated  only  at  angles  lower  than  30°  and 
greater  than  110°.  In  all  cases,  the  predicted  second  maximum  at  45° 
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Table  2-2  Optical  Model  Parameters  from  deuteron 
elastic  scattering  on  40Ca. 


Deuteron 

Energy 

(Mev) 

V 

(MeV) 

W 

(MeV) 

ro 

(fm) 

a 

(fm) 

ro' 

(fm) 

a 

a 

(fm) 

rc 

(fm) 

5.0 

110.0 

9.82 

1.027 

0.920 

1.640 

0.530 

1.25 

6.0 

110.0 

9.90 

1.065 

0.806 

1.568 

0.550 

1.25 

6.5 

110.0 

11.5 

1.063 

0.825 

1.592 

0.550 

1.25 

Table  2-3  Average  neutron  optical  model  parameters 
used  in  the  analysis  of  the  40Ca(d,n)41Sc 
reaction. 


Reference 

V 

(MeV) 

W 

(MeV) 

ro 

(fm) 

a 

(fm) 

ro^ 

(fm) 

a 

(fm) 

rc 

(fm) 

Perey  and 

48 

9.6 

1.27 

0 . 66 

1.27 

0.47 

1.25 

Buck  (Ro  66) 

-0.29E 

Rosen 

49.3 

5.75 

1.25 

0.65 

1.25 

0.70 

1.25 

(Ro  66) 

-0.33E 

14  MeV 

44 

11 

1.25 

0.70 

1.25 

0.98 

1.25 

Neutrons  (Ro  66) 

-- .  J 
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falls  far  below  that  observed  experimentally  and  is  approximately  5° 
out  of  phase.  A  more  disturbing  feature  is  a  second  minimum  predicted 
at  80°  which  is  not  seen  at  all  in  the  experimental  distributions.  A 
different  set  of  neutron  parameters  developed  by  Rosen  (Ro  66)  and  shown 
in  Table  2-3  were  tried  in  an  attempt  to  produce  more  acceptable  fits  to 
the  experimental  data.  These  parameters  gave  angular  distributions  with 
essentially  the  same  shape  and  magnitude  as  before.  At  this  point,  it 
was  resolved  to  continue  calculations  with  the  neutron  parameters  of 
Perey . 

The  6.0  MeV  data  was  taken  as  representative  and  studied  more 
exhaustively.  The  possibility  was  considered  that  the  elastic  scattering 
deuteron  parameters  were  inadequate  to  describe  the  incoming  channel.  This 
possibility  was  tested  by  gridding  the  deuteron  parameters  over  reasonable 
ranges.  It  was  found  that  this  procedure,  in  general,  gave  poor  fits  to 
the  experimental  data.  Two  features  of  this  approach  became  obvious: 

(1)  gridding  gave  spectroscopic  factors  which  were  highly  unreasonable, 
in  many  cases  considerably  greater  than  unity  (2)  the  unobserved  minimum 
at  80°  was  present  in  all  sets  of  calculations .  To  further  check  the 
incoming  channel,  4 °Ca  deuteron  elastic  scattering  parameters  from  studies 
at  higher  energies  were  tried.  It  has  been  pointed  out  by  Perey  (Pe  67) 
that  one  should  expect  the  imaginary  potential,  W,  to  decrease  in  the 

application  of  high  energy  elastic  scattering  data  to  stripping  at  low 

•  » 

energies.  This  can  be  understood  as  allowing  fewer  and  fewer  channels  to 
be  open  for  the  breakup  and  absorption  of  the  deuteron  in  elastic  scattering 
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as  fewer  levels  become  available  at  lower  and  lower  energies.  Deuteron 
parameters  sets  from  Bassel  (Ba  64)  (deuteron  energies  7-12  MeV)  and 
Perey  (Pe  66)  (deuteron  energies  11.8  and  21.4  MeV)  were  tried  with  the 
reported  values  of  Wd  and  with  values  stepped  from  2  to  30  MeV.  In  no 
case  was  an  acceptable  fit  obtained,  even  though  in  two  cases  the  para¬ 
meters  above  were  successfully  used  to  predict  proper  (d,p)  stripping 
patterns  on  40Ca  (Le  66),  (Be  65).  Some  of  the  parameter  sets  published 
by  Perey  (Pe  66)  contain  a  spin  orbit  term  that  was  included  in  the 

* 

present  investigation.  A  zero  range  program  written  by  B.E.F.  Macefield 
was  used  to  do  these  calculations.  No  improvement  in  the  fits  was  observed. 
It  should  be  pointed  out  that  the  neutron  parameter  sets  presented  by  Rosen 
and  Perey  contained  a  spin  orbit  term  that  was  simply  dropped  in  the  calcu¬ 
lations,  since  the  program  written  by  Smith  had  no  provision  for  spin-orbit 
coupling.  This  approach  was  justified  on  the  basis  that  calculations  with 
the  spin-orbit  potential  included  in  the  Macefield  program  gave  the  same 
angular  distribution  as  that  obtained  from  the  Smith  program. 

One  might  expect  the  deuteron  parameters  presented  by  Bassel  (Ba  66) 
to  work  well  in  the  energy  range  5.0  to  6.5  MeV,  since  Strobel  (St  66)  has 
recently  extended  the  7.0  MeV  parameters  to  40Ca(d,p)41Ca  stripping  at  2.0 
MeV  and  obtained  acceptable  fits.  In  this  particular  study,  the  same 
program  written  by  Smith  was  used.  At  this  energy,  the  angular  distribu¬ 
tion  should  be  characterized  strongly  by  Coulomb  distortions.  The  acceptable 

*  B.E.F.  Macefield,  Program  for  calculating  (d,p)  and  (d,n)  polarization. 
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reproduction  of  the  differential  cross  sections  would  suggest  that  Coulomb 
effects  in  the  deuteron  channel  are  being  adequately  calculated. 

Two  conclusions  can  be  drawn  from  this  study  of  the  ingoing  deuteron 
channel 

(1)  the  optical  model  parameters  derived  from  elastic  scattering 
at  5.0,  6.0  and  6.5  MeV  give  the  best  fits  to  the  data. 

(2)  It  then  seems  probable  that  the  average  neutron  parameters 
used  in  the  outgoing  channel  are  inadequate  in  the  particular 
case  of  41Sc. 

It  is  possible  that  compound  nucleus  effects  are  filling  in  the  80° 
minimum  observed  in  the  direct  reaction  calculations.  In  this  case,  one 
cannot  expect  to  duplicate  the  cross  sections  observed  experimentally, 
unless  compound  nucleus  processes  are  accounted  for.  One  might  attempt 
such  an  analysis  with  the  Hauser-Feshbach  theory.  These  calculations 
are  difficult  since  a  large  number  of  open  channels  are  available  in  the 
present  reaction,  and  these  are  mostly  to  nuclear  states  of  unknown  spin. 
There  is  some  evidence  that  compound  nucleus  effects  may  be  important  at 
the  neutron  energies  (3.8  -  5.3  MeV)  produced  in  the  present  experiment. 
Figure  2-11  reproduces  data  from  Wilmore  (Wi  64)  which  shows  neutron 
compound  elastic  cross  sections  on  calcium.  If  one  can  extend  this  data 
to  41Sc,  it  would  indicate  that  compound  elastic  scattering  can  contribute 
up  to  a  neutron  energy  of  7  MeV.  Perey  (Pe  62)  in  a  study  of  neutron 
elastic  scattering  over  an  energy  range  of  0.38  to  24.0  MeV,  and  for 
elements  higher  than  Cu  found,  as  well,  that  4.0  MeV  is  a  transition 
region  for  the  appearance  of  compound  elastic  effects.  A  program  to 
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Figure 


-11  Neutron  compound  elastic  cross  sections  on  calcium, 
figure  is  taken  directly  from  Wilmore  (Wi  64) 
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calculate  the  compound  nucleus  effects  and  test  these  arguments  is  now 
underway . 

Calculations  have  been  performed  (Le  64)  to  estimate  the  contribution 
of  compound  processes  to  the  4 °Ca(d,p) 4 1 Ca  angular  distributions.  It  was 
found,  particularly  for  the  ground  state,  that  the  contribution  was  negli¬ 
gible.  In  contrast  to  the  (d,n)  results,  this  may  be  because  of  the  much 
higher  proton  energy  (>  13  MeV)  that  results  in  the  (d,p)  reaction. 

An  alternate  way  to  approach  the  problem  is  to  consider  that  compound 
nucleus  effects  are  unimportant  as  in  the  (d,p)  case  and  that  the  average 
neutron  elastic  scattering  parameters  are  inadequate  for  this  case.  It 
has  been  suggested  by  Perey  (Pe  67)  that  the  best  fits  should  be  obtained 
by  fixing  the  geometrical  parameters  (radii  and  diffuseness)  of  an  average 
set  and  varying  only  the  real  and  imaginary  well  depths.  This  was  the 
approach  taken  in  fitting  the  distributions  with  the  neutron  parameters 
from  Perey  and  Buck.  A  simultaneous  grid  of  Vn  and  Wn  was  carried  over 
ranges  30  to  70  and  2  to  30  MeV  respectively.  This  gave  55  MeV  as  the 
best  value  of  Vn  at  all  three  bombarding  energies,  and  Wn  =12,  16  and 
18  MeV  at  5.0,  6.0  and  6.5  MeV  bombarding  energy  respectively.  In  addition, 
a  spectroscopic  factor  of  unity  was  obtained  in  all  three  cases.  These 
fits  are  shown  as  the  dashed  curves  in  figure  2-4.  Other  than  the  fact 
that  it  gives  good  fits  to  the  experimentally  observed  distributions,  it 
is  difficult  to  justify  this  procedure. 

The  implications  of  these  parameter  changes  for  the  outgoing  channel 
were  further  investigated  by  studying  the  4 °Ca(d ,n) ^ 1  Sc  ground  state 
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angular  distribution  obtained  by  Macefield  (Ma  61)  at  a  bombarding 
energy  of  3.981  MeV.  The  solid  curve  shown  in  figure  2-12  is  a  DWBA 
fit  with  the  6.0  MeV  dueteron  elastic  scattering  parameters,  and  the 
neutron  parameters  suggested  by  Perey  and  Buck,  whereas  the  dashed 
curve  is  a  calculation  with  the  real  part  of  the  neutron  potential 
equal  to  55  MeV  and  the  imaginary  part  equal  to  16  MeV.  The  predicted 
cross  section  at  zero  degrees  for  the  solid  curve  was  2.02  mb/sr,  and 
for  the  dashed  curve  1.36  mb/sr.  It  is  seen  that  these  values  are  too 
low  compared  with  the  experimental  data  (figure  2-12).  This  may  simply 
be  an  expression  of  the  fact  that  the  proper  deuteron  elastic  parameters 
are  not  being  used.  In  addition,  it  may  indicate  that  the  cross  sections 
quoted  by  Macefield  are  in  error.  The  latter  seems  probable  since  it  is 
suggested  by  Macefield  that  an  error  of  40%  may  exist  because  of  possible 
target  non-uniformities.  Consequently,  both  curves  in  figure  2-12  have 
been  normalized  to  the  10°  data  point.  The  resulting  fits  to  the  experi¬ 
mental  data  seem  to  support  the  adjusted  parameters. 

The  additional  curve  shown  in  figure  2-12  was  calculated  with  the 
6.0  MeV  deuteron  elastic  scattering  parameters  (Le  67)  and  the  14  MeV 
neutron  parameters  also  presented  by  Rosen  (Ro  66) .  This  parameter 
set  is  given  in  Table  2-3.  Of  interest  are  the  large  values  for  the 
imaginary  parameters,  particularly  11  MeV  for  Wn  and  0.98  fm  for  an. 

It  is  probably  these  parameters  that  give  rise  to  the  peaking  of  the 
cross  section  of  approximately  70°  in  agreement  with  the  experimental 
data.  This  agreement  with  the  3.981  MeV  distribution  is  probably  only 
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Figure  2-12  Ground  state  angular  distribution  of  neutrons  from  the 
reaction  40Ca(d,n) 4 lSc  at  a  deuteron  bombarding  energy 
of  3.981  MeV.  The  experimental  points  are  from  Macefield 
(Ma  61) .  The  curves  shown  with  the  data  are  DWBA  calcula¬ 
tions  from  the  present  work 
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fortuitous  since  these  neutron  parameters  produced  a  poor  fit  when 
tried  with  the  6.0  MeV  data. 

2.5  Plane  Wave  Analysis 

The  excited  states  of  4iSc  are  all  unbound  to  proton  emission, 
and  therefore,  could  not  be  analyzed  by  an  available  distorted  wave 
program.  For  this  reason,  the  unbound  states  have  been  analyzed 
with  the  Plane  Wave  Born  Approximation  (PWBA) .  A  computer  program 
based  on  the  work  of  Lubitz  (Lu  57)  was  written  by  W.K.  Dawson  (Da  65) 
to  do  the  calculations.  A  simple  Coulomb  correction  suggested  by 
MacFarlane  and  French  (Ma  60)  has  been  included  in  the  calculations. 
The  correction  involves  replacing  the  wave  number  k  of  the  captured 
proton  by 

k2  =  k2  -I-  A 2M  Ze2 

A+l  h2  ro 

where  A  and  M  are  the  target  and  nucleon  masses,  respectively  and  rQ 
is  the  usual  interaction  or  cut-off  radius.  For  this  to  be  a  good 
approximation,  it  is  necessary  that  kr  >  1.  All  values  of  kr  in 
this  work  are  greater  than  2.0.  A  singularity  exists  in  the  normal 
(without  the  coulomb  correction)  plane  wave  theory  when  the  Q  value 
is  equal  to  the  binding  energy  of  the  deuteron.  This  singularity  is 
moved  to  more  negative  energies  by  inclusion  of  the  Coulomb  term. 

The  curves  in  figure  2-5  to  2-9  are  the  predictions  of  the  plane 
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wave  theory.  In  most  cases,  a  single  fit  is  shown  for  a  particular 
£  value  since  the  spin  and  parity  of  most  levels  seen  in  this  study  are 
known.  In  some  cases,  however,  a  number  of  fits  are  shown  to  point  out 
the  ambiguity  that  exists  in  determining  both  the  cut-off  radius  and  the 
£  value. 

Figures  2-5  to  2-9  show  the  fits  that  were  obtained  for  the  transi¬ 
tion  to  the  excited  states  of  4 ' S c  at  the  bombarding  energies  5.0,  6.0 
and  6.5  MeV.  Butler  fits  to  the  ground  state  were  calculated  for  the 
purpose  of  finding  relative  reduced  widths. 

A  cut-off  radius  of  4.6  fermis  was  chosen  as  giving  the  best  fit 
to  the  data.  Some  individual  cases,  however,  gave  better  fits  for  a 
larger  radius.  This  is  seen  for  instance  in  figure  2-7  where  a  radius 
of  5.2  fermis  gave  the  best  fit  to  the  2.415  MeV  level  at  6.0  MeV 
bombarding  energy.  The  choice  of  a  cut-off  radius  is  thus  somewhat 
uncertain. 

Fits  for  the  transitions  to  the  two  excited  states  at  1.718  and 
2.415  MeV  have  been  tried  for  £  =  1  momentum  transfer  only  (figures  2-5 
and  2-7).  Bock  (Bo  65)  finds  excellent  agreement  in  fitting  £  =  1 
curves  to  transitions  to  these  states  as  observed  in  the  4 °Ca (3He , d) 4 1  Sc 
reaction.  The  present  results  seem  to  confirm  this  assignment  of  £  =  1. 

Fits  for  the  transition  to  the  2.096  MeV  level  were  found  for  £  =  1, 
2  and  3,  and  are  shown  in  figure  2-6.  The  data  supports  a  somewhat 
uncertain  assignment  of  £  =  2  consistent  with  that  found  in  a  recent 
40Ca(3He,d) 41Sc  experiment  by  Bock  (Bo  65). 
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Figure  2-8A  shows  fits  for  £  =  0,  1  and  2  transitions  to  the  2.719 
MeV  level.  Figure  2-8B  shows  fits  to  this  same  data  that  are  obtained 
when  the  Coulomb  correction  is  removed.  Of  particular  interest  here  is 
the  exceptionally  good  agreement  that  is  obtained  for  the  £  =  1  transi¬ 
tion  with  a  cut-off  radius  equal  to  6.0  fermis.  No  clear  cut  assignment 
of  £  =  1  can,  however,  be  made  for  this  transition  since  the  curves  for 
£  =  0  and  2  are  insufficiently  different.  Alternatively  figure  2-8A 
indicates  the  distinct  differences  that  exist  between  the  three  £  values 
when  the  Coulomb  term  is  included.  A  more  positive  assignment  of  £  =  0 
can  thus  be  made  for  this  transition.  This  is  a  more  likely  assignment 

than  £  =  1  since  the  mirror  level  at  2.68  MeV  in  4  !  Ca  has  also  been 
1+ 

shown  to  be  —  (Bo  65) .  A  rather  unpleasant  feature  of  the  £  =  0 
calculations  that  appears  with  the  inclusion  of  the  Coulomb  term,  and 
at  large  rQ  is  a  peaking  of  the  distribution  at  backward  angles.  This 
effect  is  beginning  to  be  evident  as  well  for  the  £  =  1,  3.463  MeV 
transitions  (figure  2-9)  with  a  cut-off  radius  equal  to  5.9  fermi. 

A  tentative  assignment  of  £  =  1  can  be  made  for  the  3.463  MeV 
transition  shown  in  figure  2-9.  An  exceptionally  good  fit  is  obtained 
for  the  £  =  1  calculation  without  the  Coulomb  correction,  but  again  the 
£  =  0  and  2  calculations  are  not  sufficiently  different  to  allow  an 
unambiguous  assignment.  With  the  Coulomb  term  included  and  with  a  cut¬ 
off  radius  equal  to  4.6  fermis,  both  £  =  0  and  2  gives  quite  unacceptable 
fits.  From  figure  2-9,  it  is  obvious  that  a  cut-off  radius  of  4.6  fermis 
does  not  reproduce  the  quality  of  fit  observed  for  lower  excited  states, 
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however,  a  radius  of  5.9  fermis  reproduces  at  least  the  observed  forward 
angle  stripping. 

Relative  reduced  widths  (Ma  60)  have  been  extracted  from  the  plane 
wave  analysis  at  6.0  MeV  bombarding  energy,  and  are  presented  in  Table  2-4. 


Table  2-4  Relative  reduced  widths  from  a  plane  wave 

analysis  of  the  11  °Ca(d ,n) H 1  Sc  data  at  6.0  MeV  bombarding  energy 


Excitation 

Energy  (MeV)  of 

4"Sc  Level 

Relative 
Reduced  Width 

e2 

0 

1.0 

1.718 

2.7 

2.415 

0.42 

2.719 

1.1 

3.463 

5.4 

2.6  DWBA  Fitting  of  Unbound  States 

It  has  been  pointed  out  before  that  the  excited  states  of  4JSc  are 
all  unbound  to  proton  emission  and  therefore,  could  not  be  analyzed  by 
an  available  distorted  wave  program.  The  theory  for  a  program  which  can 
treat  unbound  levels  has  been  outlined  by  Huby  and  Mines  (Hu  65)  and  has 
been  used  in  calculations  for  the  unbound  5.08  MeV  state  in  '0  observed 


in  the  reaction  160(d,p)i;0  (A1  67). 
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In  the  absence  of  such  a  program,  it  has  been  usual  to  use  an 

available  distorted  wave  program  with  the  binding  energy  adjusted  to 

just  bind  the  captured  particle  in  a  Woods-Saxon  potential  well.  This 

procedure  was  adopted  by  Sheppard  (Sh  64)  and  Bock  (Bo  65)  in  a  study 

of  the  4 °Ca( 3He, d) 4 1  Sc  reaction  and  is  also  used  here  for  a  study  of 

the  40Ca(d,n)4 ’ Sc  reaction.  The  calculations  for  the  present  work  were 

* 

carried  out  with  a  DWBA  program  obtained  from  Hutton.  This  program  was 
used  since  the  binding  energy  is  a  readily  adjustable  parameter  whereas 
it  is  not  in  Smith’s  program. 

The  procedure  of  adjusting  the  binding  energy  is  at  best  a  crude 
approximation.  For  the  first  excited  state,  it  may  be  justified  on  the 
basis  of  the  lifetime  of  the  state.  Youngblood  (Yo  65)  has  reported  the 
lifetime  of  this  state  to  be  (5.2  Hh  1  „  5  )  x  10“ 1  J  sec  (Yo  65)  which  is 
quite  long  compared  to  the  10  sec  expected  for  the  direct  reaction. 

One  can  thus  argue  that  the  captured  particle  is  indeed,  bound  during 
the  time  that  the  direct  reaction  takes  place.  It  is  not  possible  to 
evaluate  the  assumption  that  higher  excited  state  can  be  considered 
bound  since  lifetimes  have  not  been  measured.  However,  states  at  about 
6.0  MeV  excitation  in  41  Sc  have  an  energy  width  of  50  to  250  KeV  as  seen 
in  the  4°Ca(p,y)tj  J  Sc  reaction  (Sh  64),  which  is  an  indication  that  proton 
emission  is  still  somewhat  inhibited  by  the  Coulomb  barrier. 

Sheppard  (Sh  64)  has  used  a  binding  energy  of  1.0  MeV  for  calculation 
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of  stripping  patterns  for  unbound  levels  excited  in  the  40Ca(3He,d)4 1  Sc 
reaction o  In  the  present  experiment,  a  binding  energy  of  0.2  MeV  was 
used  for  initial  attempts  at  fitting  transitions  to  unbound  levels.  It 
was  found  that  the  shape  of  the  angular  distributions  are  not  influenced 
much  by  the  value  of  the  binding  energy  used.  The  predicted  cross  sections 
and  consequently,  the  spectroscopic  factors  did,  however,  change  as  the 
binding  energy  was  varied.  When  plotted  as  a  function  of  binding  energy, 
the  spectroscopic  factors  decreased  almost  linearly  with  decreasing  binding 
energy.  Indeed,  as  the  binding  energy  approached  0.2  MeV,  the  variation 
was  well  approximated  by  a  straight  lines  There  is  a  temptation  to  extra¬ 
polate  linearly  to  the  correct  binding  energy  for  the  state  in  question. 

If  this  is  done,  it  gives  0.95  as  the  spectroscopic  factor  for  the  first 
excited  state  of  4 1  Sc  at  1.718  MeV  and  0.04  for  the  state  at  2.415  MeV, 

or  a  total  strength  of  0.99  for  the  two  components  of  the  2P^  single 

2 

particle  strength.  The  present  values  are  also  in  good  agreement  with 
0.91  and  0.09  found  by  Bock  (Bo  65)  in  the  analysis  of  the  40Ca(3He,d)41Sc 
reaction  at  18.05  MeV  bombarding  energy.  No  justification  can  be  given 
for  this  approach  as  it  is  purely  spectalative . 

Figure  2-13  shows  fits  for  the  states  at  1.719  and  2.415  MeV  obtained 
with  the  binding  energy  set  equal  to  0.2  MeV.  The  solid  curves  were 
obtained  with  the  deuteron  elastic  scattering  parameters  from  Leighton 
(Le  67)  and  the  neutron  parameters  from  Perey  and  Buck  (Ro  66).  The 
dashed  curves  were  calculated  with  the  neutron  real  and  imaginary  well 
depths  equal  to  55  and  16  MeV,  respectively,  as  discussed  in  Section  2.4. 
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Figure  2-13  DWBA  fits  to  the  "  °Ca(d  ,n) 1+3  Sc  transitions  leading  to  the 
unbound  levels  at  1.718  and  2.415  MeV  in  ^ 'Sc.  The  trans¬ 
ferred  proton  is  assumed  to  be  bound  to  the  target  nucleus 
with  a  binding  energy  of  0.2  MeV.  Each  curve  has  been 
normalized  to  the  data  at  the  maximum  calculated  value 
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Neither  set  of  parameters  seem  to  fit  the  distributions  at  forward  angles, 
however,  the  fits  using  the  normal  elastic  scattering  parameters  (solid 
curves)  agree  remarkably  well  with  the  observed  variations  in  cross 
section  at  angles  greater  than  60° . 

Only  the  two  1=1  states  at  1.718  and  2.415  MeV  have  been  analyzed 
in  this  manner,  since  computational  problems  developed  in  the  computer 
program  when  higher  excitation  energies  and  higher  1  values  were  tried. 
These  problems  were  related  to  the  fact  that  the  binding  energy  adjustment 
was  too  large  to  allow  adequate  matching  of  interior  and  exterior  wave 
functions  at  the  nuclear  surface. 

2.7  The  ^&0{d,n)^  'F  Reaction 

It  has  previously  been  mentioned  that  contaminant  peaks  from  the 
reaction  160(d,n)J/,F  were  present  on  all  spectra.  Relative  angular 
distributions  have  been  extracted  for  transitions  to  the  ground  and 
0.500  MeV  states  of  "  F  at  6.0  and  6.5  MeV  bombarding  energies  (figures 
2-14  and  2.15).  Angular  distributions  could  be  obtained  with  some 
reliability  since  the  amount  of  60  on  the  targets  remained  constant 
throughout  the  experiment  (see  Section  2.2).  The  observation  that 
oxidation  of  the  target  did  not  take  place  is  also  evidenced  by  the 
smoothness  of  the  angular  distributions  since  data  was  collected  randomly 
with  respect  to  the  laboratory  angle  of  the  detector. 

The  6.0  MeV  distributions  were  extracted  to  accompany  the  l60(d,n)z7F 
polarization  angular  distributions  measured  by  Gedcke  (Ge  67b).  An  attempt 
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Figure  2-14  Centre  of  mass  angular  distributions  for  neutrons  leading  to 
the  ground  state  of  L  F  from  the  reaction  j60(d,n)-L?F  at 
bombarding  energies  of  6.0  and  6.5  MeV,  The  curves  shown 
with  the  6.0  MeV  data  are  DWBA  fits.  Error  bars  are  shown 
where  they  exceed  the  size  of  the  experimental  points 
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Figure  2-15  Centre  of  mass  angular  distributions  of  neutrons  leading  to 
the  0.500  MeV  state  of  L 'F  from  the  reaction  160(d,n)17F  at 
bombarding  energies  of  6.0  and  6.5  MeV 
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has  been  made  by  Gedcke  to  simultaneously  fit  the  angular  distributions 
observed  in  this  reaction  and  the  polarization. 

Alty  (A1  67)  has  recently  made  an  extensive  study  of  the  160(d,d)160 
and  160(d,p)170  reactions  at  bombarding  energies  of  11  and  12  MeV.  Little 
structure  was  seen  in  excitation  functions  for  these  reactions  over  an 
energy  range  10  to  13  MeV.  From  their  results,  it  would  appear  that  the 
optical  model  condition  of  smoothly  varying  cross  sections  was  fulfilled. 

It  was  of  interest  to  analyze  the  present  data  in  terms  of  the  optical 
model  parameters  from  this  work  to  test  the  contention  of  Perey  (Pe  67), 
that  one  can  use  elastic  scattering  data  at  high  energies,  for  the  same 
target  nucleus,  by  decreasing  the  value  of  the  imaginary  well  depth.  Also, 
it  was  hoped  that  the  (d,n)  reaction  might  aid  in  choosing  between  two 
sets  of  parameters  presented  by  Alty  (A1  67).  These  two  sets  were  charac¬ 
terized  by  deep  and  shallow  well  depths  for  the  real  part  of  the  deuteron 
potential.  The  shallow  depths  ranged  from  31  -  55  MeV,  whereas,  the  deep 
ones  ranged  from  75  -  157  MeV.  There  has  been  some  indication  lately  that 
the  deuteron  potential  should  be  equal  to  the  sum  of  the  neutron  and  proton 
potentials  which  would  make  it  roughly  1.10  MeV.  This  is  in  contrast  to  a 
value  around  50  MeV  which  has  been  used  widely  in  the  past. 

The  method  of  approach  was  to  fit  the  present  6.0  MeV  data  with  all 
the  parameter  sets  found  by  Alty  in  the  analysis  of  12  MeV  deuteron  elastic 
scattering  without  adjusting  any  parameters .  The  best  fit  to  the  data  was 
obtained  with  a  parameter  set  from  the  shallow  potentials.  In  particular, 
this  set  had  real  and  imaginary  well  depths  of  55.33  and  3.85  MeV,  respec- 
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tively.  This  fit  is  shown  as  the  solid  curve  in  figure  2-14.  The 
calculated  distribution  has  been  normalized  to  data  at  the  forward 
maximum.  It  is  seen  that  this  first  maximum  is  fairly  well  reproduced. 

As  well,  the  shape,  but  not  the  amplitude  of  the  secondary  maximum  at 
110°  is  reproduced. 

The  dashed  curve  shown  in  figure  2-14  was  calculated  with  a  deep 
deuteron  potential.  The  set  with  a  real  depth  equal  to  109.57  MeV 
was  chosen  since  this  corresponded  closely  to  the  potential  used  for 
the  40Ca(d,n)41Sc  analysis  (Table  2-2).  This  fit  is  characterized  by 
a  poor  reproduction  of  both  the  main  and  secondary  stripping  maxima. 

Next,  a  number  of  the  parameter  sets  from  Alty  (A1  67)  were  tried 
and  the  imaginary  well  depth  stepped  from  2  to  20  MeV  in  each  case.  In 
general,  only  very  minor  improvements  were  seen  for  the  shallow  potential 
sets.  However,  marked  improvements  were  observed  when  W  for  the  deep 
potential  sets  was  reduced  below  that  found  by  Alty  (A1  67) .  An  example 
of  the  quality  of  fit  observed  is  shown  by  the  dot-dashed  curve  shown 
in  figure  2-14.  The  deuteron  well  depth  is  again  109.57,  but  now  the 
imaginary  depth  has  been  reduced  from  9.18  to  4  MeV.  Excellent  reproduc¬ 
tion  of  the  forward  maximum  was  observed  even  to  a  small  rise  in  the 
cross  section  at  zero  degrees.  However,  even  poorer  agreement  than 
with  the  unchanged  imaginary  depth  is  observed  for  the  secondary  maximum 
at  110°. 

In  answer  to  the  questions  posed,  it  appears  that  the  results  from 
high  energy  elastic  scattering  can  be  used  at  lower  energies,  but  should 
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only  be  expected  to  reproduce  the  main  features  of  the  stripping  pattern. 

In  addition,  it  is  not  possible  to  choose  without  ambiguity  between  the 
shallow  and  deep  deuteron  potentials.  It  would  seem  that  a  DWBA  analysis 
of  this  kind  has  not  enough  information  content  to  decide  on  the  proper 
deuteron  potential. 

2.8  Discussion 

A  considerable  amount  of  experimental  data  has  been  extracted  from 
studies  of  the  u°Ca(d,n)a  Sc  reaction  at  deuteron  bombarding  energies  of 
5.0,  6„0  and  6.5  MeV.  Analysis  of  this  data  in  terms  of  a  Distorted  Wave 
Program  was  limited  to  the  ground  state  transition  since  excited  states 
are  unbound  to  proton  emission.  Considerable  spectroscopic  information 
could  be  extracted  from  this  data  if  a  program  were  available  that  adequately 
described  stripping  to  unbound  levels.  One  could,  for  instance,  establish 
whether  the  total  2Pj  strength  is  contained  in  two  levels  at  1.718  and  2.415 

7 

MeV  as  suggested  by  Bock  (Bo  65)  and  whether  the  state  at  3.463  MeV  carries 

an  appreciable  fraction  of  the  2Pj  strength.  Of  considerable  interest  also 

2 

would  be  a  determination  of  the  strengths  of  the  &  =  2  level  at  2.096  MeV, 
and  the  £  =  0  level  at  2.719  MeV.  This  could  give  information  on  the  extent 
to  which  4°Ca  can  be  considered  a  good  closed  shell  nucleus  since  in  the 
extreme  single  particle  model  even  parity  states  should  not  occur  in  low- 
lying  level  structure  of  41  Sc.  Attempts  have  been  made  to  extract  spectro¬ 
scopic  information  from  these  unbound  levels  by  adjusting  the  binding 
energy  of  the  captured  particle.  This  information  is,  however,  open  to 
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question  because  of  the  approximations  required  to  do  the  calculations. 

Attempts  to  describe  the  experimental  data  in  terms  of  the  Butler 
Plane  Wave  Theory  have  met  with  only  partial  success  in  the  present  study. 
It  has  been  demonstrated  that  for  unbound  states  Butler  theory,  without  a 
Coulomb  term,  is  inadequate  to  determine  even  the  orbital  angular  momentum 
of  the  transferred  particle.  The  inclusion  of  an  approximate  Coulomb  term 
was  seen  to  remove  some  of  this  ambiguity  but  at  the  expense  of  poorer  fits 
in  the  backward  angles.  The  inadequacies  of  this  theory  emphasize  the  need 
for  a  proper  DWBA  program  for  fitting  transitions  to  unbound  levels. 

In  the  present  work,  the  ability  of  the  Distorted  Wave  Theory  to 
describe  the  angular  distribution  of  neutrons  leading  to  the  ground  state 
of  41  Sc  was  examined.  It  was  assumed  that  the  appropriate  deuteron  and 
neutron  elastic  scattering  parameters  should  adequately  predict  the 
features  of  the  experimentally  measured  (d,n)  stripping  patterns.  It 
was  found  that  this  was  an  inadequate  approach  to  the  analysis  of  the 
data.  It  is  possible  that  compound  nucleus  contributions  to  the  observed 
cross  sections  are  responsible  for  some  of  the  disagreement.  Also,  the 
average  neutron  parameters  may  be  inadequate  to  describe  all  cases  of 
neutron  elastic  scattering.  A  likely  reason  for  the  poor  agreement  bet¬ 
ween  observed  and  calculated  1=3  angular  distribution  has  very  recently 
been  pointed  out  by  two  authors  (Jo  67,  A1  67a).  An  observation  was  made 
that  spin  dependent  effects  in  %  =  3  transitions  to  levels  with  spin  -j 
cause  the  distributions  to  be  smoothed  out  in  the  region  around  70  -  90°. 
This  is  not  observed  for  £  =  3  transitions  to  levels  with  spin  y  >  instead 
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a  minimum  is  observed  around  70  -  90° .  The  observed  lack  of  a  minimum 
in  the  present  ground  state  angular  distributions  may  be  due  to  this 
fact  alone o  As  such, it  represents  the  inability  of  present  DWBA  theories 
to  take  into  account  the  experimentally  observed  spin  dependent  features 
of  stripping  angular  distributions.  Johnson  (Jo  67)  has  proposed  that 
inclusion  of  the  D  component  of  the  deuteron  internal  wave  function 
(normally  neglected  in  DWBA  theory  to  simplify  calculations)  gives  rise 
to  corrections  to  the  direct  reaction  theory  of  (d,p)  and  (p,d)  reactions 
which  depend  strongly  on  the  angular  momentum  of  the  transferred  neutrons. 
For  an  orbital  angular  momentum  transfer  of  3, the  corrections  are  large 
and  give  important  contributions  to  the  spin  dependence  observed  in  the 
reactions  : 6Fe(p , d) ~ ^Fe  and  5/Ni(p,d)  ^Ni.  It  would  be  interesting  to 
extend  these  calculations  to  the  (d,n)  reaction  and  determine  the  extent 
to  which  the  D  state  of  the  deuteron  is  important  in  the  reaction  40Ca(d,n) 
41Sc. 
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CHAPTER  3 


THE  42Ca(d,n)43Sc  REACTION 

3.1  Introduction 

The  study  of  the  If  7  shell  has  been  extended,  in  this  chapter,  to  the 

\  2 

nucleus  u3Sc.  The  ground  states  of  most  of  the  calcium,  scandium  and  tit¬ 
anium  isotopes  have  been  described  by  assuming  active  nucleons  only  in  the 

lf7  shell.  The  excited  states-ar-ising- from  several- particles- in  this  shell- 

2 

usually  extend  over  a  region  of  several  MeV  in  energy.  Excited  states 
arising  from  particles  in  the  2P  shell  occur  in  the  same  region,  so  that 
configuration  mixing  can  be  expected  even  in  low-lying  states. 

In  previous  work,  the  energy-level  structure  of  43Sc  has  been  studied 
with  the  reactions  43Ca(p ,n) 43Sc  (Me  60,  Me  67),  40Ca(a,p)4 3Sc  (La  63, 

Cu  66),  46Ti(p,a)43Sc  (PI  65),  42Ca (p , y) 4 3Sc  (Br  65)  and  42Ca( 3He ,d) 43Sc 
(Sc  66) . 

In  the  present  work,  levels  in  4 3 Sc  have  been  studied  with  the 
42Ca(d,n) u 3Sc  reaction  which  is  expected  to  preferentially  excite  states 
consisting  largely  of  a  single  proton  coupled  to  the  target  ground  state. 

The  results  of  this  experiment  are  compared  with  those  from  the  42Ca(3He,d) 
43Sc  reaction  where  a  single  proton  is  also  transferred  to  the  target 
nucleus.  Results  have  been  analyzed  in  terms  of  the  distorted  wave  theory 
of  direct  reactions  to  determine  the  orbital  angular  momentum  of  the  trans¬ 
ferred  proton  and  spectroscopic  factor  for  a  number  of  excited  states  in  U3Sc. 
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3.2  Experimental  Method 

The  experiment  was  performed  with  the  University  of  Alberta  5.5 
MeV  Van  de  Graaff  accelerator  and  associated  Mobley  Compression  System, 
both  of  which  have  been  described  in  Chapter  1. 

A  block  diagram  of  the  time  of  flight  electronics  is  shown  in 
figure  3-1.  The  system  is  essentially  the  same  as  that  described  in 
Chapter  2,  except  for  a  number  of  features  added  to  improve  the  system. 

A  routing  signal  was  added  to  route  those  events  called  gamma-rays  into 
the  first  half  of  the  kicksortex  and  those  events  called  neutrons  into 
the  second  half..  This  enables  one  to  check  on  the  stability  of  gamma- 
ray  elimination  throughout  the  experiment  and  if  desired,  determine  the 
gamma-ray  rejection  efficiency  for  later  efficiency  corrections.  Two 
general  purpose  amplifiers  (Ge  66) ,  which  eliminated  baseline  shifts 
with  counting  rate,  were  added  to  the  system.  With,  the  old  system 
(Chapter  2),  an  average  baseline  shift  of  0.1%  could  be  expected  at  a 
count  rate  of  approximately  500  cps .  This  resulted  from  the  fact  that 
a  unipolar  pulse  from  the  time  converter  was  fed  through  a  capacitor, 
to  the  ADC.  The  general  purpose  amplifiers  gave  instead,  a  symmetrical 
bipolar  pulse  provided  by  single  delay  line  clipping.  Count  rate  in 
the  new  system,  with  respect  to  baseline  line  shift,  is  limited  only 
by  the  ADC  (approximately  20,000  cps). 

It  was  observed  throughout  a  number  of  experiments  that  the  largest 
correction  for  walk  occurred  at  the  lowest  neutron  energies.  The  walk 
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Figure  3-1  Block  diagram  of  the  time  of  flight  electronics  used  in 
data  gathering  for  the  4j Ca (d ,n) 4 ^Sc  reaction 
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routine  was  subsequently  modified  to  take  this  into  account.  A  non¬ 
linear  correction  routine  was  written  (Da  66)  to  sample  the  small  pulse 
heights  from  ADCB  in  finer  steps  than  the  large  ones.  To  do  this,  the 
signal  from  dynode  11  was  applied  to  a  1024  channel  analyzer  and  a  56 
by  64  two  dimensional  analysis  performed  as  indicated  in  Chapter  2.. 

The  56  amplitude  channels  corresponded  to  the  whole  1024  channel  range 
of  ADCB  in  the  following  manner:  ADCB  channels  0  -  255  were  equally 

divided  among  the  first  32  bins,  channels  256  to  511  among  the  next  16 
bins  and  channels  512  -  1023  among  the  final  8  bins. 

The  neutron  detectors  for  both  the  main  time  of  flight  system  and 
the  monitor  were  the  same  as  that  used  previously.  The  relative  effi¬ 
ciency  of  the  main  detector  was  measured  in  a  separate  experiment  with 

the  reactions  D(d,n)  'He  and  T(p,n)3He.  The  T(p-,n)3He  reaction  gave 

V, 

the  efficiency  from  cut-off  energy  (1.05  MeV)  to  3.0  MeV  while  the 
D(d,n)3He  reaction  extended  the  measurements  to  8.25  MeV  (see  Appendix 
I  for  the  measured  curve).  For  both  reactions ,  the  published  angular 
distribution  (Br  60,  Go  60,  Go  61)  were  reproduced  and  normalized  to 
the  yield  in  the  monitor  counter.  The  advantage  of  normalizing  to 
the  monitor  counter  is  that  background  can  be  subtracted  uniquely:  as 
contrasted  to  a  BF^  counter  where  neutrons  of  all  energies  and  origins 
are  counted.  The  disadvantage  of  reproducing  a  previously  measured 
angular  distribution  is  that  one  is  limited  by  the  accuracy  of  the 
original  experiment.  This  is  quoted  as  being  +  4%  for  the  D(d,n)3He 
angular  distributions  and  5%  for  the  T(p,n)3He  angular  distributions. 
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Absolute  efficiencies  were  obtained  by  normalizing  the  relative  efficiency 
curve  to  an  absolute  efficiency  measurement  at  2.82  MeV  by  Burbank  (Bu  67). 
The  error  in  the  measurement  of  absolute  efficiency  is  estimated  to  be 
+  5%. 

A  target  ,  200  pg/cm^  enriched  to  86.4%  in  42Ca  was  used  in  the  present 
experiment.  The  target  was  supplied  in  the  form  of  calcium  metal  evaporated 
unto  0.005"  gold  and  covered  with  a  layer  of  50  pg/cm2  thick  gold  to  reduce 
oxidation. 

3.3  Experimental  Results 

Figure  3-2  shows  i+2Ca(d,n)  ^ 3 Sc  excitation  curves  for  the  low  lying 
states  of  u^' Sc  measured  at  SO*-'  to  the  incident  beam.  These  measurements 
were  taken  to  discover  whether  or  not  the  optical  model  condition  of 
smoothly  varying  cross  sections  was  fulfilled.  It  was  determined  that 
the  least  amount  of  structure  in  the  yield  curves  occurred  between  4.8 
and  5.2  MeV.  Subsequent  angular  distribution  measurements  were  carried 
out  at  5.15  MeV.  Figure  3-3  shows  the  yield  to  an  intense  state  at  6.155 
MeV  in  4^Sc.  This  state  has  been  tentatively  identified  (Sc  66)  as  the 

isobaric  analog  of  the  2Pq  level  in  4  ^Ca  at  2.048  MeV.  An  interesting 

2 

feature  of  this  yield  curve  is  a  broad  resonance  between  5.0  and  5.5  MeV 
that  is  not  obvious  in  other  states.  Some  of  this  variation  may  be  due 


f  Purchased  from  A.E.R.E.,  Harwell,  England. 
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Figure  3-2 


42Ca(d,n) 14 3 Sc  excitation  functions  for  several  low-lying 
states  in  4 "Sc  taken  at  30"  to  the  incident  beam.  The 
number  with  each  curve  represents  the  4  Sc  excitation 
energy  in  MeV»  All  curves  are  plotted  on  the  same 
scale  to  show  relative  variations 
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Figure  3-3 


Excitation  function  for  the  I+2Ca(d,n) "^Sc  reaction  leading 
to  the  '43Ca  2.048  MeV  isobaric  analog  state  at  6.155  MeV 
excitation  energy  in  43Sc 
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to  the  fact  that  a  neutron  energy  less  than  1.6  MeV  places  this  on  the 
more  uncertain  part  of  the  efficiency  curve. 

Angular  distribution  measurements  for  neutrons  from  the  43Sc  states 
observed,  were  taken  at  5°  intervals  from  0°  to  70°  and  at  80°  and  90°. 

Yields  at  angles  greater  than  90°  were  too  low  to  warrant  taking  data. 

(More  than  one  hour  per  angle  with  a  beam  current  of  2  p  amp  would  have 
been  required) .  This  is  somewhat  unfortunate  since  it  is  at  angles 
greater  than  90°  that  one  expects  to  see  spin  dependent  effects  in  the 
angular  distributions  (Le  64a).  A  typical  spectrum  from  the  42Ca(d,n) 43Sc 
reaction  is  shown  in  figure  3-4.  This  spectrum  was  taken  at  a  detector 
angle  of  15°  to  the  incident  beam  and  at  a  distance  of  6.00  meters.  Peaks 
have  been  labelled  according  to  the  levels  in  the  residual  nucleus.  The 
excitation  energies  of  the  43Sc  levels  are  from  the  present  work.  Conta¬ 
minant  groups  have  been  observed  to  arise  from  the  presence  of  160,  i2C, 

40Ca  and  32S  on  the  target.  The  latter  contaminant  is  surprising  since 
the  manufacturer  claims  that  sulphur  should  not  have  been  present  on  the 
target.  1 7F  and  ' 3N  contaminant  groups  are  labelled  with  excitation 
energies  obtained  from  AJZENBERG  -  SELOVE  (Aj  59  ).  The  41Sc  peaks 
are  labelled  according  to  results  of  the  4 °Ca (d ,n) 4 1  Sc  experiment  described 
in  Chapter  2,  while  the  33C1  excitation  energies  are  from' the  present  experi¬ 
ment  . 

Table  3-1  shows  the  Q  values  obtained  for  the  various  transitions  to 
states  in  43Sc.  The  method  of  finding  Q  values  has  been  outlined  in  Chapter 
2.  This  included  determination  of  the  time  calibration  of  the  spectrometer 
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Figure  3-4 


A  semi-log  plot  of  a  time  of  flight  spectrum  for  the 
reaction  42Ca(d ,n) 4 3Sc .  Peaks  are  labelled  according 
to  the  excitation  energies  of  levels  in  the  residual 
nucleus.  Unless  otherwise  indicated,  the  excitation 
energies  are  for  levels  in  43Sc.  A  time  calibration 
of  0.275  ns /channel  was  found  for  this  spectrum.  A 
deuteron  bombarding  energy  of  5.15  MeV  was  used.  This 
spectrum  was  taken  at  15°  and  6.00  meters 
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CHANNEL  NUMBER 


Table  3-1  Q  values  for  the  reaction  t+2Ca(d,n)43Sc  and 

Excitation  Energies  of  Levels  in  43Sc.  (Q  values 
and  excitation  energies  are  in  MeV,  errors  in  KeV). 
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in  terms  of  zero  degree  spectra  from  the  reaction  9Be(d,n)10B.  Small 
baseline  shifts  in  the  spectrometer  were  corrected  for  by  noting  the 
shift  of  the  1  3N  and  i?F  peaks  on  each  spectrum  away  from  that  calculated 
on  the  basis  of  the  9Be(d,n)10B  calibration.  Observed  time  shifts  were 
usually  less  than  0.5  ns.  Excitation  energies  for  the  Lf3Sc  levels  were 
computed  on  the  basis  of  the  Q  value  of  2.713  +  0.010  MeV  for  the  ground 
state  transition  determined  in  the  present  work.  These  are  also  shown 
in  Table  3-1  and  are  compared  to  recent  work  with  various  other  reactions. 
The  errors  quoted  for  the  Q  values  listed  in  Table  3-1  arise  from  a  one 
cm  uncertainty  in  the  flight  path  of  6.00  meters,  the  uncertainty  in  the 
time  calibration  of  the  spectrometer,  the  uncertainty  in  determining  peak 
positions  and  the  uncertainty  in  determining  the~  time  correction  for  base¬ 
line  shifts.  In  most  cases,  the  largest  uncertainty  is  the  peak -position. 
The  additional  error  in  the  excitation  energy  arises  from  an  estimated  8 
KeV  spread  due  to  target  thickness,  an  error  of  3 ' KeV  in  determining  beam 
energy  and  3  KeV  spread  in  energy  from  the  transverse  momentum  imparted  to 
the  beam  by  the  Hob ley  RF  system. 

Contaminant  peaks  from  the  reaction  32S(d,n)33Cl  overlap  possible 
peaks  due  to  the  levels  at  energies  2.679,  3.462  and  5.266  MeV  seen  in  the 
42Ca( 3He ,d) 4 3Sc  reaction  (Sc  66).  A  L+3Sc  level  at  3.337  seen  in  the 
(3He,d)  reaction  has  also  been  tentatively  identified  in  the  present  study, 
but  was  obscured  at  a  large  number  of  angles  by  the  1 3N  ground  state  peak, 
and  consequently  could  not  be  identified  unambiguously.  The  level  is, 
however,  indicated  in  brackets  on  the  spectrum  in  figure  3-4. 
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A  level  seen  at  1.395  +  0.014  MeV  in  the  present  experiment  is 
probably  the  new  level  in  43Sc  at  1.410  +  0.005  MeV  reported  by  Cujec 
(Cu  66).  It  would  appear  that  none  of  the  other  new  levels  seen  by 
Cujec  at  1.337,  1.644,  1.879  and  1.912  MeV  are  excited  in  the  present 
reaction. 

Phillips  (Ph  66)  reports  a  level  at  1.158  +  0.003  MeV  for  which  no 

3  5 

evidence  could  be  seen  in  the  present  experiment.  With  a  spin  (— ,  -j) 

and  possible  positive  parity,  this  state  would  be  excited  only  weakly 

3“ 

in  the  (d,n),  and  is  most  likely  obscured  by  the  very  intense  —  state 
at  1.177  +  0.011  MeV. 

A  literature  search  revealed  that  two  levels  at  5.715  +  0.010,  and 
5.988  +  0.010  had  not  been  previously  reported.  Neutron  peaks  corres¬ 
ponding  to  these  two  states  were  observed  at  a  minimum  of  ten  angles.. 

This  provided  good  kinematic  identification  of  the  peaks  as  originated 
from  the  42Ca (d ,n) 4 3Sc  reaction.  All  remaining  states  have  been  reported 
before.  In  general,  all  excitation  energies  obtained  from  the  present 
work  agree  very  well  with  the  previously  published  values. 

32S  has  been  identified  as  a  contaminant  on  the  42Ca  target  used  in 
the  present  experiment.  As  mentioned  before,  sulphur  should  not  occur  as 
a  natural  contaminant.  Its  presence  on  the  target  probably  resulted  from 
evaporation  of  a  natural  sulphur  target  into  the  vacuum  system  by  the 
previous  group  to  use  the  accelerator.  A  number  of  transitions  to  states 
in  33C1  have  been  identified  for  which  Q  values  and  excitation  energies 
are  presented  in  Table  3-2.  Excitation  energies  are  based  on  the  ground 
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state  Q  value  of  0.046  +  0.010  MeV  obtained  in  the  present  experiment. 
Published  excitation  energies  obtained  from  various  other  reactions  are 
also  presented  in  Table  3-3  for  comparison.  Good  agreement  is  found 
with  the  previous  results.  It  is  interesting  to  note  that  the  errors 
quoted  for  previous  (d,n)  work  are  a  factor  of  5  to  6  greater  than  those 
presented  here.  Previously  unreported  33 Cl  levels  have  been  seen  at 
2.629  +  0.011,  3.235  +0.011  and  3.219  +  0.010  MeV.  These  levels  are 
very  weak  in  the  present  reaction  so  that  the  assignment  to  33C1  is 
somewhat  uncertain. 

3.4  Analysis  of  the  Angular  Distributions 

The  results  of  the  angular  distribution  measurements  are  shown  in 
figures  3-5  to  3-9.  The  error  bars  shown  here  arise  from  statistical 
errors  and  background  subtraction.  Peak  areas  were  found  by  the  program 
"Anneliese"  described  in  Chapter  2.  Absolute  cross  sections  were  calcu¬ 
lated  by  using  the  target  thickness  quoted  by  the  manufacturer.  The 
error  in  target  thickness  estimated  by  the  manufacturer  is  +  10%.  This 
error  has  not  been  included  with  the  angular  distributions.  Peak  cross 
sections  for  transitions  to  the  low  lying  states  of  _+3Sc  were  observed 
to  be  less  than  1  mb/sr.  Reliable  angular  distributions  could  only  be 
extracted  for  a  small  number  of  these  states.  Numerical  values  for  the 
cross  sections  are  listed  in  Appendix  II.  The  solid  curves  shown  in 
figures  3-5  to  3-7  are  DWBA  calculations  performed  with  a  program  written 
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Figure  3-5  Centre  of  mass  angular  distribution  for  neutrons  leading 

to  the  ground  state  of  ^  "Sc  from  the  reaction  '42Ca(d,n)4^Sc 
at  a  deuteron  bombarding  energy  of  5.15  MeVo  The  curve 
shown  with  the  data  is  from  a  DWBA  calculation  for  an  £- 
transfer  value  of  3 
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Figure  3-6 


Centre  of  mass  angular  distributions  for  neutrons  from 
the  reaction  42Ca(d,n)43Sc  leading  to  states  in  43Sc  at 
excitation  energies  of  0.475,  1.177  and  1.817  MeV.  The 
curve  shown  with  each  distribution  is  from  a  DWBA  calcula¬ 
tion  for  £  =  1 
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Figure  3-7 


Centre  of  mass  angular  distributions  for  neutrons  from 
the  reaction  42Ca(d,n) 43Sc  leading  to  states  in  t+3Sc 
at  excitation  energies  of  0.860  and  1.947  MeV,  The 
curve  shown  with  each  distribution  is  from  a  DWBA 
calculation  for  i  =  0 
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Figure  3-8 


Centre  of  mass  angular  distributions  for  neutrons  from 
the  reaction  42Ca(d,n) 43Sc  leading  to  two  unbound  states 
in  43Sc  at  excitation  energies  of  5.026  and  5.647  MeV 
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Figure  3-9 


Centre  of  mass  angular  distribution  for  neutrons  from 
the  reaction  42Ca(d,n) 4SSc  leading  to  a  state  in  4^Sc 
at  an  excitation  energy  of  6.155  MeV.  The  curves  shown 
with  the  experimental  data  are  from  Butler  fits  for 
H  =  0,  1  and  2 
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by  W.  R.  Smith  (Sm  65).  The  form  of  the  optical  model  potential  used 
in  the  analysis  has  been  presented  in  Chapter  2  as  part  of  the  discus¬ 
sion  of  the  4 °Ca(d,n) 4  lSc  results.  The  parameters  used  in  the  42Ca(d,n) 43Sc 
analysis  are  present  in  Table  3-3.  The  deuteron  parameters  were  taken  from 
7.0  MeV  elastic  scattering  on  42Ca  (Do  66).  These  parameters  were  observed 
to  give  almost  the  same  .predictions  as  the  average  deuteron  elastic  scatter¬ 
ing  parameters  from  40Ca  (Ba  64).  Parameter  sets  derived  from  deuteron 
elastic  scattering  on  42Ca  at  9.0  and  12.0  MeV  (Er  66)  were  also  tried, 
but  gave  poorer  fits  to  the  distributions.  This  is  not  surprising  since 
the  7.0  MeV  data  is  the  closest  in  bombarding  energy  to  the  5.15  MeV  used 
in  the  present  experiment. 


Table  3-3  Optical  Model  Parameters. 


Particle 

V 

(MeV) 

(MeV) 

ro 

(fm) 

a 

(fm) 

V 

(fm) 

a.' 

(fm) 

rc 

(fm) 

d 

113.2 

12.9 

1.0 

0.753 

1.50 

0.659 

1.25 

n 

48  -  0.29E 

9.6 

1.27 

0 . 66 

1.27 

0.47 

1.25 

P 

1.25 

0.65 

_ 

1.25 

t  surface  derivative  type  of  potential 


The  neutron  parameters  used  in  the  present  analysis  are  from  the 
work  of  Perey  and  Buck.  These  parameters  were  summarized  by  Rosen  at 


. 
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the  Karlshrue  Conference  on  Polarization,  Sept.,  1965  (Ro  66). 

The  proton  wave  function  for  the  bound  particle  was  calculated  in 
a  Woods-Saxon  potential  well  with  radius  rD  =  1.25  fm  and  diffuseness 
a  =  0.65  fm.  The  proton  potential  had  no  imaginary  part  but  did  include 
a  derivative  type,  of  spin-orbit  potential  with  a  depth  of  6.0  MeV.  With 
these  parameters  well  depths  of  58.0,  63.0,  45.6,  61.8,  60.6  and  43.8 
MeV  resulted  from  fitting  data  for  the  ground,  0.475,  0.860,  1.177,  1.817 
and  1.947  MeV  states  of  43Sc  respectively. 

The  DWBA  fit  for  the  ground  state  transition  (figure  3-5)  clearly 
supports  an  angular  momentum  transfer  of  3.  This  is  consistent  with  a 
spin  and  parity  assignment  of  ~  deduced  from  the  observed  8  decay  to 
43Ca  (Li  54)  and  from  a  measurement  of  its  magnetic  moment  (Co  66).  An 
interesting  feature  of  this  angular  distribution  is  a  peaking  of  the 
distribution  at  0C  which  is  reminiscent  of  the  distributions  observed 
for  the  40Ca(d,n)4J Sc  ground  state  transition.  In  this  case,  however, 
the  DWBA  theory  fails  to  predict  the  existence  of  this  forward  maximum. 

An  absolute  spectroscopic  factor  of  0.15  was  calculated  for  the  transition 
to  the  u3Sc.  ground  state.  This  is  considerably  below  the  value  of  0.68 
observed  by  Schwartz  (Sc  66)  in  the  4 ■ Ca(3He,d) ^?Sc  reaction.  This 
probably  indicates  a  larger  error  in  target  thickness  than  that  quoted 
by  the  manufacturer. 

Levels  at  0.475,  1.177  and  1.817  MeV  show  angular  distributions 
characteristic  of  stripping  with  Z  =  1.  These  distributions  are  shown 
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in  figure  3-6.  An  additional  £  =  1  transition  seen  at  2.100  in  the 
(3He,d)  reaction  (Sc  66)  (2.117  MeV  in  the  present  experiment)  was 

too  weak  to  give  a  recognizable  stripping  pattern.  It  is  expected 
that  the  p  states  will  lie  at  excitation  energies  of  about  4  MeV, 

7 

and  it  is  consequently  assumed  that  these  three  levels  all  have 
3” 

J71  =  •  With  this  assumption,  absolute  spectroscopic  factors  of 

0.033,  0.066  and  0.036  were  observed  for  the  0.475,  1.177  and  1.817 
MeV  states  respectively.  Normalization  of  these  values  to  the  0.68 
observed  in  the  (3He,d)  reaction  (Sc  66)  for  the  ground  state  transit 
tion  gives  0,15,  0.29  and  0.16.  This  is  then  in  very  good  agreement 
with  the  values  of  0„12,  0.29  and  0.12  observed  for  these  states  in 
the  (3He,d)  reaction  (Sc  66).  The  sums  of  spectroscopic  factors,  Sj_, 
should  be  equal  to  1.0  if  all  components  of  the  single  particle  state 
are  included.  In  43Sc  the  spectroscopic  factor  for  the  isobaric  analog 
states  will  be 

ST  _  3  =  1  /  (2Tg  +1)  =  y  , 

2 

and  the  sum  of  the  normal  low  lying  states  with  one  unit  of  isobaric 
spin  less  than  the  analog  states  should  have  a  total  spectroscopic  factor 

ST  =  i  =  1  -  1  /  (2Tq  +  1)  =  |  . 

2 
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The  sum  of  the  observed  2P  ?  single  particle  strength  in  l+3Sc  with  T  =  y 

2 

is  0.60.  This  indicates  that  approximately  90%  of  the  2P3  single  particle 

7 

strength  is  contained  in  the  levels  at  0.475,  1.177  and  1.817  MeV. 

Two  levels  at  0.860  and  1.947  MeV  show  angular  distributions  charac¬ 
teristic  of  stripping  with  l  =  0,  as  shown  in  figure  3-7.  This  leads  to 

assignments  of  J77  =  ^  for  these  levels.  It  has  been  surmised  by  Schwartz 

1+ 

(Sc  66)  that  an  assignment  of  to  a  level  at  0.860  (0.856  MeV  in  the 

o  5  9 

(5He,d)  reaction)  was  in  contradiction  to  an  assignment  of  (  —  )  to  a 

5+ 

level  at  0.849  and  ^  to  a  level  at  0.880  by  Phillips  (Ph  66).  It  has 
been  shown  recently,  however,  that  there  are  actually  three  levels  in 
this  region  at  excitation  energies  0.846,  0.857  and  0.878  MeV  (Br  67). 

The  0.860  level  observed  in  the  present  experiment  showed  no  appreciable 
broadening  in  any  of  the  spectra  indicating  that  transitions  to  the  addi¬ 
tional  two  states  are  very  weak  (<  0.05  mb/sr  peak  cross-section).  Assign- 
id" 

ment  of  J71  =  y  to  the  levels  at  0.860  and  1.947  MeV  leads  to  spectroscopic 
factors  of  0.024  and  0.0043  respectively,  or  normalized  to  a  ground  state 

i. 

value  of  0.68  (Sc  66)  these  values  become  0.11  and  0.02.  The  value  of  0.11 
for  the  0.860  MeV  state  is  in  good  agreement  with  the  value  of  0.13  observed 


for  the  Sn  hole  state  in  the  42Ca(d,p.)  ^"'Ca  reaction  (Do  66).  No  previous 

.L 

2 

assignment  could  be  found  for  the  state  at  1.947  MeV.  The  assignment  of 
1+ 

—  in  the  present  experiment  is  somewhat  tentative  because  of  the  low  cross 
section  (0.14  mb/sr  peak)  and  the  associated  large  errors. 

The  ground  state  of  4 ^Sc  is  actually  overlapped  by  a  state  at  0.152 
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MeV  excitation  energy.  A  separation  of  the  ground  and  this  excited  state 
was  carried  out  with  the  fitting  program  "Anneliese"  but  yielded  an 
angular  distribution  with  no  recognizable  pattern  for  the  0.152  MeV 
state.  This  could  be  remedied  in  a  future  experiment  by  demanding  better 
statistics  for  the  0.152  MeV  state. 

A  number  of  intense  states  have  been  observed  in  the  42Ca(d,n)43Sc 
reaction  at  energies  5=026,  5.647  and  6=155  MeV.  Angular  distributions 
for  the  5.026  and  5.647  MeV  states  are  shown  in  figure  3-8.  Both  of 
these  states  are  unbound  to  proton  emission  and  thus  do  not  exhibit  the 
familiar  stripping  pattern  observed  for  bound  states.  It  has  been  suggested 
by  Schwartz  (Sc  66)  that  the  level  at  5.026  MeV  may  be  a  major  component  of 
the  P,  single  particle  strength. 

7 

3.5  Isobaric  Analog  States  in  L  'Sc 

Schwartz  (Sc  66)  has  tentatively  identified  two  states  in  4  2S  c  at 

4.238  +  0.008  and  6=156  +  0.009  MeV  as  being  the  isobaric  analogs  of  the 

ground,  and  2.048  MeV  states  of  42Ca,  respectively.  The  identification 
of  the  ground  state  analog  was  based  on  an  observed  it  =  3  stripping 
pattern  and  an  expected  excitation  energy  of  4.172  MeV  calculated  by 
McCullen  (Sc  66).  In  the  present  reaction,  a  similar  state  has  been 

observed  at  4.243  +  0.010  MeV.  However,  the  transition  was  too  weak  to 

be  identified  unambiguously  as  arising  from  Z  =  3  stripping. 

No  justification  has  been  given  by  Schwartz  (Sc  66)  for  the  identi- 

3“  3 

fication  of  a  state  at  6.156  +  0.009  MeV  as  the  (J71,  T)  =  (  y  ,  ) 
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analog  of  the  2 P  state  found  in  43Ca  at  an  excitation  energy  of  2.048 

7 

MeV.  One  might  surmise  that  this  is  the  correct  identification,  since 

the  42Ca(3He,d) 4  Sc  cross  section  is  large  in  keeping  with  a  strong 

42Ca(d ,p) 43Ca  transition  to  the  level  at  2.048  MeV  in  43Ca  (En  62). 

In  the  present  H 2Ca(d,n) 4 ^Sc  reaction,  a  strong  transition  has 

been  observed  to  a  level  at  6.155  +  0.010  MeV  in  ~^Sc.  A  peak  cross 

section  of  5.2  mb/sr  makes  this  the  most  intense  transition  observed 

in  the  experiment.  The  excitation  energy  is  in  excellent  agreement 

with  the  value  of  6.156  +  0, 009  MeV  found  by  Schwartz  (Sc  66).  More 

positive  identification  of  the  £  value  can  be  made  than  in  the  (3He,d) 

study.  Figure  3-9  shows  the  experimentally  observed  distribution 

plotted  together  with  the  predictions  of  the  Butler  theory  for  £  =  0, 

1  and  2  angular  momentum  transfer.  A  coulomb  correction  discussed  in 

Chapter  2  has  been  included.  These  calculations  support  an  assignment 

of  £  =  1  for  the  transition  consistent  with  the  previously  suggested 
3- 

J77  =  y  for  the  6.155  MeV  state. 

3.6  Summary 

Angular  distributions,  characteristic  of  a  single  particle  transfer, 

have  been  observed  in  the  (d,n)  reaction  leading  to  a  number  of  levels  in 

43Sc.  A  J77  =  —  assignment  for  the  ground  state  of  43Sc  (Li  54,  Co  66) 

was  confirmed  by  an  observed  £  =  3  stripping  pattern.  A  tentative  J77  = 

3- 

~2  assignment  (Sc  66)  to  three  levels  in  4JSc  located  approximately  90% 
of  the  2P3  single  particle  strength.  Two  intense  transitions  to  unbound 
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levels  in  43Sc  were  observed  at  excitation  energies  of  5.026  and  5.647 
MeV.  These  levels  probably  carry  the  major  part  of  the  2P^  single 

7 

particle  strength.  One  of  the  levels  (5.026  MeV)  has  previously  been 
seen  in  the  42Ca(3He,d) 14  3Sc  reaction  (Sc  66)  where  the  shape  of  the 
angular  distribution  indicates  that  the  state  might  carry  part  of  the 
2Pj  strength.  Levels  which  can  be  identified  as  2S*  hole  states  have 

2  7 

been  observed  at  excitation  energies  of  0.860  and  1.947  MeV  in  43Sc. 

No  previous  assignment  had  been  made  for  the  1.947  MeV  level. 

Isobaric  analog  states  corresponding  to  the  ground  state  and  2.048 
MeV  state  of  43Ca  first  seen  in  the  "‘2Ca( 3He,d) 43Sc  reaction  (Sc  66)  have 
been  identified  in  the  (d,n)  reaction.  The  angular  momentum  transfer  for 
the  2.048  MeV  analog  (6.155  MeV  excitation  energy  in  4:Sc)  has  been  estab¬ 
lished  on  the  basis  of  Butler  Plane  Wave  fits. 

Results  agree  fairly  well  with  a  shell  model  study  of  the  43Sc  nucleus 

3— 

by  Flowers  (FI  67)  except  for  a  level  at  1.817  MeV,  assigned  J11  =  y  in  the 
present  work.  This  level  is  required  to  be  — ■  to  obtain  the  proper  level 
structure  as  calculated  by  Flowers  (FI  67).  A  rough  calculation  of  the 
isobaric  spin  splitting  in  43Sc  as  indicated  by  French  (Fr  64)  gives  the 

T,,  component  of  the  6.155  MeV  isobaric  analog  state  to  be  the  level  at 

3- 

1.817  MeV.  This  requires  that  the  level  at  1.817  MeV  have  a  J11  =  y 
assignment  in  agreement  with  the  present  experiment. 
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CHAPTER  4 


THE  48Ca(d,n)49Sc  REACTION 

4.1  Introduction 

The  nucleus  49Sc  has  one  proton  more  than  the  nucleus  48Ca,  whose 
ground  state  has  been  known  for  some  time  to  be  doubly  magic.  Early 
study  of  the  3-decay  of  49Ca  indicated  low-lying  ^9Sc  levels  at  3.1, 

4.1  and  4.7  MeV  excitation  (Ok  56,  Ma  56).  It  was  suggested  at  that 
time  that  the  ground  state  and  first  two  excited  states  might  be  inter¬ 
preted  rather  simply  as  the  If 7,  2P3  and  If 5  single  particle  states, 

7  2  7 

respectively . 

This  chapter  reports  on  properties  of  the  49Sc  nucleus  observed  in 
the  reaction  48Ca(d,n) 49Sc.  Angular  distributions  for  each  resolved 
neutron  group  are  presented  and  compared  to  the  predictions  of  the  Distorted 
Wave  Born  Approximation  to  establish  the  i-transfer  value  for  the  captured 
proton  and  to  obtain  the  desired  spectroscopic  information.  Components  of 
the  2P3,  If 5  and  2Pi,  expected  to  be  fragmented  by  residual  interactions, 

7  7  7 

are  tentatively  identified  and  discussed.  Comparisons  are  made  between 
recent  48Ca(8He,d)49Sc  results  (Ar  64,  Ar  65,  Er  66)  and  those  from  the 
present  reaction. 

Considerable  interest  has  been  expressed  lately  in  a  number  of  49Ca 
isobaric  analog  states  seen  at  excitation  energies  above  11.6  MeV  in  49Sc. 
Properties  of  these  levels  have  been  extensively  studied  with  the  48Ca(p,p) 
48Ca  (Jo  66)  and  the  48Ca(p , y) 4 9Sc  (Ch  67)  reactions.  The  49Ca  ground  state 

analog  has  been  identified  in  the  present  study  and  some  of  its  experimental 
properties  are  discussed. 
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4.2  Experimental  Method 

The  time  of  flight  electronics  was  the  same  as  that  shown  in  figure 

3-1.  The  time  resolution  and  gamma  ray  rejection  efficiency  of  the 

spectrometer  were  improved  by  the  use  of  a  cylindrical  (3  1/2"  diameter 

* 

x  3/4"  length)  NE  218  liquid  scintillator  (Re  66)  and  an  RCA  C70133 

s» 

phototube.  A  time  resolution  of  approximately  0.7  ns  (FWHM)  was  achieved 
in  the  experiment.  With  a  flight  path  of < 6.325  meters,  this  represented 
an  energy  resolution  of  34  KeV  for  5  MeV  neutrons.  The  system  was  also 
improved  by  using  a  2048  rather  than  a  1024  channel  analog  to  digital 
converter  for  ADCA.  This  change  accompanied  an  increase  in  the  time 
range  of  the  spectrometer  from  300  to  600  nanoseconds,  and  a  decrease 
in  the  time  calibration  from  0.276  to  0.222  ns/ch.  This  had  the  effect 
of  giving  better  peak  definition  which  helped  considerably  in  the  analy¬ 
sis  of  the  data  with  peak  fitting  program  "Anneleise".  In  addition,,  it 
allowed  a  wider  energy  range  for  the  spectrometer.  In  particular,  this 
meant  that  one  could  include  the  gamma  ray  peak  without  losing  any  neutron 
peaks  of  interest. 

Ll  A  *f* 

Spectra  were  obtained  by  bombarding  an  enriched  ~Ca  target  with 


*  Nuclear  Enterprises  Ltd.,  Winnipeg,  Manitoba,  Canada. 

t  The  target,  200  yg/cm2  thick,  enriched  to  84.6%  U8Ca  was  supplied  in 
the  form  of  calcium  metal  evaporated  unto  0.005"  gold  and  covered  with 
a  layer  of  50  yg/cm2  thick  gold  to  reduce  oxidation  by  A.E.R.E.,  Harwell, 
England . 
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deuterons  of  energies  5.5  and  6.0  MeV.  The  bombarding  energies  were 
measured  with  a  90°  analyzing  magnet.  The  magnet  was  calibrated 
shortly  after  the  experiment  and  the  calibration  was  found  to  be  the 
same  as  that  of  a  year  before  (Chapter  2) . 

The  absolute  efficiency  of  the  neutron  detector  from  a  neutron 
cut-off  energy  of  1.4l  MeV  to  14.0  MeV  was  calculated  by  a  computer 
program  which  takes  into  account  double  scattering  from  hydrogen, 
single  scattering  from  carbon  and  detector  resolution  (Appendix  I) - 
It  is  estimated  that  the  absolute  efficiency  is  accurate  to  better 
than  +  5%  especially  at  neutron  energies  above  5  MeV!  The  relative 
efficiency  should  then  be  good  to  at  least  +  1%. 

Angular  distributions  were  measured  at  5°  intervals  from  0°  to 
45°,  at  10°  intervals  from  45°  to  75°  and  at  95°,  110°  and  120°.  A 
typical  spectrum  from  the  * -Ca(d,n) u9Sc  reaction  is  shown  in  figure  4-1. 
This  spectrum  was  taken  at  a  bombarding  energy  of  5.5  MeV,  a  flight  path 
of  6.325  meters  and  at  a  detector  angle  of  5°  to  the  incident  beam. 

Peaks  have  been  labelled  according  to  the  levels  in  the  residual  nucleus. 
The  excitation  energies  of  the  L  gSc  levels  are  from  the  present  work. 
Contaminant  groups  have  been  observed  to  arise  from  the  presence  of 
4°Ca,  160,  -2C  and  on  the  target.  The  Sc  peaks  are  labelled 

according  to  the  results  of  the  4°Ca(d,n)u| Sc  experiment  presented  in 
Chapter  2.  Remaining  contaminant  groups  are  labelled  with  excitation 
energies  obtained  from  AJZENBERG-SELOVE  (Aj  59) . 

The  identification  of  the  7.3  MeV  contaminant  group  from  the 
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Figure  4-1 


A  semi-log  plot  of  a  time  of  flight  spectrum  from  the 
reaction  48Ca(d,n) 4 gSc.  Peaks  are  labelled  according 
to  the  excitation  energies  of  levels  in  the  residual 
nucleus.  Unless  otherwise  indicated,  excitation 
energies  are  for  levels  in  m8Sc.  A  time  calibration 
of  0.222  ns/channel  was  found  for  this  spectrum.  A 
deuteron  bombarding  energy  of  5.5  MeV  was  used.  This 
spectrum  was  taken  at  5°  and  6.325  meters 
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reaction  19F(d,n)20Ne  is  supported  by  the  observation  of  an  £  =  0 
angular  distribution,  in  the  present  experiment,  in  agreement  with 
that  tabulated  by  AJZENBERG-SELOVE  (Aj  59) . 

A  log  plot  is  shown  to  emphasize  the  49Sc  peaks  in  comparison  to 
the  much  stronger  contaminants  from  transitions  to  levels  in  41  Sc,  17F 
and  13N.  None  of  these  contaminants  caused  any  trouble  in  the  experi¬ 
ment  at  5.5  MeV,  since  states  in  49Sc  up  to  7  MeV  excitation  energy  lie 
higher  in  energy.  A  small  peak  on  the  right  side  of  the  1 3N  ground 
state  peak  is  attributed  to  carbon  deposits  on  a  set  of  gold  beam 
defining  slits  located  30  cm  in  front  of  the  target.  A  noticeable 
amount  of  asymmetry  exists  for  the  low  energy  peaks  in  the  spectrum. 

This  is  particularly  evident  for  the  very  intense  17F  peaks.  The 
asymmetry  is  thought  to  result  from  an  inadequate  walk  correction  and 
target  thickness  effects. 

A  charge  of  approximately  12,000  yc  was  collected  at  each  angle 
with  an  average  beam  current  of  2.8  yA.  Even  at  this  current,  the 
target  showed  no  serious  beam  damage. 

All  target  handling  procedures  were  carried  out  in  an  helium 
atomosphere  and  the  target  stored  in  nitrogen  in  an  attempt  to  minimize 
oxidation  of  the  calcium.  Even  with  these  precautions,  oxidation  and 
subsequent  flaking  of  the  target  took  place.  It  became  apparent  that 
the  50  yg/cm2  layer  of  gold  was  not  sufficient  protection  for  the  target 
This  was  later  confirmed  by  the  manufacturer  who  came  to  the  conclusion 
that  the  layer  of  gold  caused  peeling  of  the  target  once  a  small  amount 
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of  flaking  had  taken  place. 

4.3  Experimental  Results 

The  results  of  the  angular  distribution  measurements  at  5.5  MeV 
are  shown  in  figures  4-2  to  4-6.  The  error  bars  shown  here  arise  from 
statistical  errors  and  background  subtraction.  Absolute  cross-sections 
were  calculated  by  using  the  target  thickness  quoted  by  the  manufacturer 
The  error  in  target  thickness  estimated  by  the  manufacturer  is  +  10%. 
Peak  cross  sections  for  the  48Ca(d,n)49Sc  reaction  were  observed  to  be 
less  than  1  mb/sr  for  all  states.  Reliable  angular  distributions  could 
only  be  extracted  for  the  more  intense  of  these. 

Q  values  for  the  48Ca(d,n) 49Sc  transitions  observed  in  the  present 
experiment  are  listed  in  Table  4-1.  The  method  of  obtaining  Q  values 
and  determining  their  errors  has  been  outlined  in  Chapters  2  and  3. 

This  included  determination  of  the  time  calibration' of  the  spectrometer 
in  terms  of  zero  degree  spectra  from  the  reaction  9Be(d,n)10B.  Small 
baseline  shifts  in  the  spectrometer  were  corrected  for  by  noting  the 
shift  of  the  gamma  ray  peak  on  each  spectrum  relative  to  that  on  the 
9Be(d,n)10B  reference  spectrum. 

A  ground  state  Q  value  of  7.404  +  0.010  MeV  was  observed  for  the 
ground  state  transition.  This  is  in  good  agreement  with  the  value  of 
7.396  +  0.009  MeV  calculated  from  the  48Ca(p,y)49Sc  Q  value  listed  by 
Mattauch  (Ma  65).  A  ground  state  Q  value  of  4.150  +  0.012  MeV  has  been 
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Figure  4-2 


Centre  of  mass  angular  distribution  of  neutrons  from  the 
reaction  48Ca(d,n)49Sc  leading  to  the  ground  state  of 
49Sc.  The  curves  shown  with  the  experimental  data  are 
DWBA  calculations  for  £  =  3.  The  two  different  curves 


represent  different  parameters  for  the  incoming  deuterons 
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Figure  4-3 


Centre  of  mass  angular  distributions  of  neutrons  from  the 
reaction  48Ca(d,n) 49Sc  leading  to  levels  in  49Sc  at  excita¬ 
tion  energies  of  3.071  and  4.472  MeV.  Tentative  assignments 
TT  3“ 

of  J  =  have  been  made  for  these  levels 
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Figure  4-4 


Centre  of  mass  angular  distributions  of  neutrons  from 
the  reaction  48Ca(d,n)49Sc  leading  to  levels  in  49Sc 
at  excitation  energies  of  5.008,  5.655  and  7.050  MeV. 

jr  1“ 

Tentative  assignments  of  J  =  have  been  made  for 

these  levels 
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Figure  4-5 


Centre  of  mass  angular  distribution  of  neutrons  from 
the  reaction  Lf8Ca(d,n)1+9Sc  leading  to  the  5.080  MeV 
level  in  49Sc.  A  tentative  assignment  of  J11  =  -j 
has  been  made  for  this  level 
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Figure  4-6 


Centre  of  mass  angular  distribution  of  neutrons  from 
the  reaction  48Ca(d ,n) 4 9Sc  leading  to  a  state  in  49Sc 
at  an  excitation  energy  of  6.873  MeV 
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observed  by  Erskine  (Er  66)  for  the  48Ca(3He,d) 48Sc  reaction  which  leads 
to  a  ground  state  Q  value  of  7.419  MeV  for  the  48Ca(d,n)49Sc  reaction. 

This  value  is  also  in  agreement  with  the  present  result. 

Excitation  energies  for  the  48Sc  levels  seen  in  the  present  experi¬ 
ment  are  also  listed  in  Table  4-1.  Results  from  several  other  published 
works  are  presented  for  comparison.  It  is  interesting  to  note  that  the 
49Sc  excitation  energies  obtained  in  the  present  experiment  are  consis¬ 
tently  lower  than  those  obtained  by  Erskine  (Er  66).  In  most  cases,  the 
differences  disappear  if  the  15  KeV  difference  between  the  present  ground 
state  Q  value  and  that  calculated  from  the  (3He,d)  reaction  is  taken 
into  account.  The  results  of  the  present  experiment  agree  more  closely 
with  the  measurements  of  Chilosi  (Ch  65)  (Table  4-1) ,  especially  for  the 
level  at  3.071  +_  0.011  MeV.  Chilosi  reports  an  excitation  energy  of 
3.079  +  0.001  MeV  for  this  level  which  is  in  considerable  disagreement 
with  value  of  3.092  +  0.005  MeV  reported  from  a  study  of  the  48Ca(3He,d)48Sc 
reaction  (Er  66).  Subtracting  15  KeV  from  the  (3He,d)  value  gives  3.077 
MeV  in  good  agreement  with  the  value  of  3.079  from  Chilosi.  This  evidence 
strongly  supports  the  present  ground  state  Q  value  and  lends  weight  to 
present  excitation  energies  as  being  correct. 

No  evidence  could  be  given  for  existence  of  a  state  at  3.50  MeV 
reported  from  a  study  of  gamma  rays  in  the  48Ca(p, y) 49Sc  reaction  (Du  66). 

In  the  present  reaction,  this  possible  state  was  obscured  by  a  contaminant 
group  from  the  reaction  44Ca(d ,n) 4 5Sc  (0.714  MeV  excitation  energy  in  45Sc 
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4.4  Analysis  of  the  Angular  Distributions 

The  solid  curves  shown  with  the  angular  distributions  in  figures 
4-2  to  4-6  are  DWBA  calculations  performed  with  a  program  written  by 
W.R.  Smith  (Sm  65).  The  form  of  the  optical  model  potentials  used  in 
the  analysis  have  been  shown  in  Chapter  2  as  part  of  the  discussion 
of  the  40Ca(d,n) 41Sc  reaction.  The  parameters  used  in  the  48Ca(d,n)49Sc 
analysis  are  presented  in  Table  4-2. 


Table  4-2  Optical  Model  Parameters. 


Particle 

V 

(MeV) 

W 

(MeV) 

ro 

(fm) 

a 

(fm) 

V 

(fm) 

(fm) 

rc 

(fm) 

d 

127.6 

13.9 

0.962 

0.772 

1.427 

0.564 

1.25 

n 

48  -  0.29E 

9.6 

1.27 

0 . 66 

1.27 

0.47 

1.25 

P 

1.25 

0.65 

1.25 

Neutron  parameters  are  from  Perey  and  Buck  (see  Ro  66)  and  have  been 
discussed  in  Chapters  2  and  3. 

Several  sets  of  deuteron  parameters  were  tried  in  arriving  at  those 
shown  in  Table  4-2.  The  first  tried  was  the  average  set  derived  from 
49Ca  deuteron  elastic  scattering  by  Bassel  (Ba  64).  This  set  was  of 
interest  since  it  had  been  used  previously  by  Erskine  (Er  66)  in  an 
analysis  of  the  48Ca( 3He , d) 4 9Sc  reaction.  Decidedly  better  fits  were 
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obtained  with  the  48Ca  deuteron  elastic  scattering  data  from  Marinov 
(Ma  66).  This,  of  course,  is  not  surprising  since  elastic  scattering 
on  the  target  nucleus  should  indeed  give  better  optical  model  parameters 
than  elastic  scattering  on  a  nucleus  eight  mass  units  away.  The  elastic 
scattering  data  of  Marinov  was  at  bombarding  energies  9.0  and  12.0  MeV. 
The  method  of  adjusting  the  imaginary  potential  to  apply  the  results  of 
high  energy  elastic  scattering  to  low  energy  stripping  described  in 
Chapter  2  was  adopted  in  the  present  analysis.  A  number  of  parameter 
sets  are  presented  in  the  report  by  Marinov  all  of  which  were  tried  in 
the  analysis  of  the  48Ca(d,n)49Sc  data.  Of  these,  the  parameter  set 
shown  in  Table  4-2  gave  the  best  fits  to  the  angular  distributions.  It 
is  interesting  to  note  that  Marinov  obtained  this  parameter  set  by 
starting  with  the  40Ca  parameters  of  Bassel  (Ba  64)  first  tried  in  this 
analysis.  The  parameters  used  are  from  9.0  MeV  scattering  of  deuterons 
on  48Ca,  so  that  the  extrapolation  to  5.5  MeV  is  not  large.  It  was 
found  that  the  best  fits  to  the  angular  distributions  did  not  come  when 
the  imaginary  potential  was  varied,  but  when  it  was  kept  at  the  value 
found  in  the  elastic  scattering  analysis.  It  is  possible  that  the  bom¬ 
barding  energy  difference  of  3.5  MeV  between  the  present  experiment  and 
the  9.0  MeV  elastic  scattering  data  is  not  sufficient' to  see  a  difference. 
For  example,  a  large  difference  may  not  be  expected  since  the  values  of 
Wd  in  the  results  of  Marinov  decrease  by  less  than  2  MeV  in  going  from 
12  to  9  MeV  bombarding  energy. 

A  disturbing  feature  of  this  set  of  parameters  is  the  poor  fit  to 
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the  main  stripping  peak  of  the  ground  state  transition.  In  an  attempt 
to  produce  a  better  fit  to  the  experimental  data,  the  real  part  of  the 
deuteron  potential  was  stepped  from  120  to  150  MeV.  The  dashed  curves 
in  figures  4-2  to  4-6  are  DWBA  calculations  with  this  potential 
equal  to  135  MeV  and  with  all  other  parameters  the  same  as  for  the 
solid  curves.  This  change  in  the  real  potential  from  127.6  to  135.0 
MeV  may  be  regarded  as  representing  a  required  energy  increase  in 
going  from  9.0  to  5.15  MeV  bombarding  energy  since  the  calculations 
do  not  take  into  account  the  non-locality  of  nuclear  forces.  An 
example  of  this  energy  dependence  to  duplicate  the  effects  of  non¬ 
local  forces  is  given  in  the  energy  dependent  term  for  the  neutron 
potentials  of  Table  4-2.  The  effect  of  this  potential  change  is  to 
give  better  fits  at  forward  angles  for  £  =  3  transitions,  and  somewhat 
worse  fits  for  £  =  1  transitions,  particularly  at  angles  greater  than 
40°.  In  all  cases,  the  curves  are  normalized  at  the' same  angle  to 
point  out  the  relative  changes.  As  such, the  change  in  potential  does 
not  reflect  the  changes  in  absolute  cross  sections' that' are  present  in 
the  calculations.  For  instance,  the  cross  section' predicted  for  the 
ground  state  transition  at  35°  dropped  from  3.28  to  2,57  mb/sr  in 
changing  from  the  unadjusted  parameters  to  those  with  the  real  poten¬ 
tial  at  135.0  MeV.  The  £  value  assignments  indicated  in  figures  4-2 
to  4-6  are  consistent  with  the  recent  48Ca(3He,d)49Sc  results  of 
Armstrong  (Ar  64,  Ar  65)  and  Erskine  (Er  66).  The  spectroscopic 
factors  given  in  Table  4-3  were  obtained  from  the  DWBA  calculations 
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Table  4-3  Spectroscopic  factors  from  the  present  study  of  the  48Ca(d,n)49Sc 

reaction  compared  to  recent  tf8Ca(3He,d)I+9Sc  measurements 
and  to  the  calculated  values . 
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by  assuming  the  ground  state  transition  to  have  J  =  —  and  to  be  of 

single  particle  strength.  This  required  the  cross  sections  calculated 

from  the  elastic  scattering  data  of  Marinov  (Ma  66)  to  be  divided  by 

10.05  and  those  calculated  with  the  real  potential  adjusted  to  be 

divided  by  7.90.  The  existence  of  a  factor  greater  than  unity  could 

indicate  that  the  program  was  calculating  the  absolute  cross  section 

incorrectly.  However,  this  seems  unlikely  as  the  4°Ca(d,n)4iSc  cross 

sections  are  calculated  correctly.  It  is  more  likely  that  the  target 

thickness  quoted  by  the  manufacturer  is  greatly  in  error. 

The  assignment  of  spins  to  states  in  4<3Sc  indicated  in  Table  4-3 

is  necessarily  uncertain  since  gamma  ray  correlation  measurements  have 

only  been  performed  for  the  two  lowest  excited  states  at  2.22  and  2.34 

MeV  (Du  66) .  Both  of  these  states  were  too  weak  to  be  considered  in 

the  present  angular  distribution  analysis.  In  addition,  it  appears 

3  5 

that  the  assignment  of  y,  J  to  t^ie  level  at  2.34  MeV  (Du  66)  is  incor- 

1+ 

rect.  Erskine  (Er  66)  assigns  y  to  this  level  (2.382  MeV)  as  seen  in 
the  48Ca(3He,d)49Sc  reaction. 

Erskine  (Er  66)  has  made  some  reasonable  tentative  spin  assignments 
on  the  basis  of  systematics  and  results  from  the  8  decay  of  48Ca  to  49Sc. 
The  arguments  for  these  assignments  are  presented  here  for  the  sake  of 
completeness.  One  would  expect  J77  =  y  for  the  ground  state  of  48Sc 
(the  1  f^  single  particle  state  of  the  shell  model).  This  is,  in  fact, 

T 

the  assignment  from  the  £  =  3  angular  distribution  and  the  lack  of  a  6 
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transition  which  would  proceed  if  this  state  had  J  = 


TT  _  _5 


2  ‘ 


shell  model  state  expected  is  the  2P^  state  which  is  probably  the  state 


at  3.071  MeV.  This  assignment  is  supported  by  the  £  =  1  transition  to 

this  state  with  a  large  spectroscopic  factor  and  a  strong  3”  transition. 

The  next  state  (at  4.472  MeV)  is  excited  with  an  £  =  1  transition,  which 

1“  3“ 

allows  spin  assignment  of  y  or  .  Armstrong  (Ar  65)  suggests  that 

3“ 

the  assignment  should  be  —  .  This  assignment  is  based  on  the  J  depen¬ 
dence  of  the  angular  distribution  as  seen  in  the  48Ca(3He,d)49Sc  reac¬ 
tion.  An  assignment  of  appears  to  be  a  reasonable  guess  for  all 
higher  £  =  1  states  and  for  £  =  3  states.  This  is  reasonable  since 

the  total  of  2P3  strength  seems  concentrated  in  the  two  levels  at  3.071 

7 

and  4.472  MeV  (Er  66,  Ar  64,  Ar  65  and  the  present  results  in  Table  4-3). 
Remaining  levels  should  then  belong  to  the  2P.j  shell.  For  instance, 

7  1" 

Armstrong  (Ar  65)  finds  some  evidence  to  support  a  assignment  of 

for  the  state  at  5.655  MeV.  In  the  present  experiment,  the  transition 

to  this  state  was  characterized  by  an  £  =  1  stripping  pattern  (figure  4-4) . 

The  assumption  of  -j  for  higher  £  =  3  states  is  valid  to  the  extent 

that  48Ca  is  a  good  closed  shell  nucleus.  Except  for  the  ground  state, 

no  £  =  3  transitions  are  observed  in  either  the  (3He,d)  or  (d,n)  reaction 

below  3  MeV  excitation  energy.  Splitting  of  the  lf7  shell  should  be  less 

7 

than  3  MeV,  so  the  ground  state  carries  all  of  the  If- 7  single  particle 

7 

strength.  A  number  of  £  =  3  states  have  been  seen  in  the  (3He,d)  reaction 
(Ar  64,  Er  66) .  An  angular  distribution  could  be  extracted  for  only  one 
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of  these,  the  state  at  5.080  MeV,  since  the  intensity  for  the  remaining 
states  was  too  low. 

The  two  sets  of  spectroscopic  factors  presented  in  Table  4-3  agree 
in  general  with  the  published  data.  It  would  appear  that  the  spectro¬ 
scopic  factors  calculated  with  the  elastic  scattering  data  from  Marinov 
(Ma  66)  agree  with  the  results  of  Erskine  (Er  66) ,  while  those  calculated 
with  the  real  part  of  the  deuteron  potential  equal  to  135  MeV  agree  more 
closely  with  the  results  presented  by  Armstrong  (Ar  64).  If  the  two 

states  at  3.071  and  4.472  MeV  have  been  identified  correctly,  the  sum  of 
3" 

the  y  single  particle  strength  is  1.08  for  the  unadjusted  parameters 

and  0.89  for  the  adjusted  parameters.  The  predicted  sum  of  the  strengths 

is  0.89  which  clearly  supports  the  latter  set  of  parameters.  The  predicted 

strength  of  0.89  for  the  single  particle  strength  arises  from  the  fact  that 

only  those  states  with  isobaric  spin,  T,  equal  to  y  are  being  considered. 

Two  simple  formulae  have  been  presented  in  Chapter  3  which  give  the  sum  of 

the  single  particle  strength  expected  to  be  with  states  of  normal  isobaric 

spin  and  with  states  with  one  unit  of  isobaric  spin  higher,  the  isobaric 

analog  states.  Since  the  target  nucleus,  48Ca,  has  isobaric  spin  4, 

8  1 

these  sums  are  expected  to  be  —  and  —  respectively. 

y  y 

A  re-analysis  of  the  original  (3He,d)  data  (Ar  64)  by  Armstrong 
(Ar  65)  with  the  program  TSALLY  (Ba  62)  does  not  change  the  conclusions 
presented  here.  The  spectroscopic  information  from  this  work  is  presented 
in  Table  4-3  for  comparison. 

The  spectroscopic  factor  of  0.54  observed  for  the  £  =  3  transition 
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to  the  ,  5.080  MeV  state  is  notable  different  from  the  previously 
measured  value  of  0.34.  This  may  result,  however,  from  the  large 
uncertainty  in  extracting  the  angular  distribution  from  the  closely 
overlapping  5.008  MeV  state.  In  general,  neutron  peaks  for  these  two 
states  were  separated  by  only  3  or  4  channels  in  the  observed  spectra. 

Only  three-  of  a  possible  seven  or  eight  2P  levels  (Ar  64,  Ar  65, 

T 

Er  66)  were  seen  in  the  present  experiment.  (Figure  4-4) .  These  states 
are  at  excitation  energies  where  the  level  density  is  high  so  that  only 
the  more  intense  neutron  peaks  could  be  extracted.  The  results  of  the 

present  experiment  suggest  that  50%  of  the  2P .  single- particle  strength 

2 

is  contained  in  levels  at  5.008,  5.655  and  7.050  MeV. 

An  intense  transition  to  a  level  at  6.873  MeV  was  observed  to  be 

characteristic  of  £  =  0  stripping  (figure  4-6) .  An  assignment  of  J77  = 

1+ 

j  is  in  agreement  with  that  found  by  Erskine  (Er  66),  however,  a 
spectroscopic  factor  of  0.13  disagrees,  to  some  extent,  with  their 
measured  value  of  0.07. 

4.5  Observation  of  the  49Ca  Ground  State  Analog  in  4<jSc 

The  4 8Ca(d ,n) 4 9Sc  reaction  was  also  studied  at  6.0  MeV  bombarding 
energy  to  observe  a  state  reported  to  be  the  analog  of  the  M 8Ca  ground 
state  (Jo  66,  Ch  67).  The  state  is  expected  to  lie  at  11.6  MeV  excita¬ 
tion  energy  in  48Sc  as  calculated  from  binding  energy  and  Coulomb  energy 

2*” 

differences  between  49Ca  and  49Sc.  It  should  have  J77  =  —  (£  =  1  transi- 


. 
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tion)  as  evidenced  by  the  assignment  of  —  to  the  ground  state  of 
4 9Ca  (En  62) . 

Evidence  for  this  transition  did  not  appear  on  the  5.5  MeV  spectra 
since  its  neutron  energy  was  too  low  (a  high  neutron  cut-off  energy  was 
used  to  suppress  low  energy  background).  The  6.0  MeV  study  reported  here 
was  carried  out  with  the  same  configuration  for  the  time  of  flight  system 
as  had  been  used  in  the  40Ca(d,n)4-tSc  experiment.  In  particular,  the 
neutron  cut-off  energy  was  0.60  MeV. 

Figure  4-7  shows  a  zero  degree  time  of  flight  spectrum  observed  at 
a  deuteron  bombarding  energy  of  6.0  MeV  and  a  distance  of  6.0  meters. 

The  peak  on  the  side  of  the  1 3N  3.51,  3.56  MeV  doublet  has  been  identi¬ 
fied  as  the  neutron  group  originating  from  the  transition  to  the  analog 
state.  The  state  was  observed  at  additional  laboratory  angles  of  15°, 
30°,  60°  and  100°.  Kinematic  identification  of  this  group  leads  to  a 
Q  value  of  -  4.167  +  0.002  MeV  for  the  transition.  On  the  basis  of  a 
ground  state  Q  value  of  7.404  +  0.010  MeV,  this  gives  11.571  +  0.010 
as  the  excitation  energy  of  the  analog  level  in  4gSc. 

A  rough  angular  distribution  has  been  extracted  from  the  data  at 
the  five  angles  and  is  shown  in  figure  4-8.  No  attempt  has  been  made 
to  analyze  this  data  in  terms  of  a  stripping  theory.  Consequently,  a 
laboratory  angular  distribution  is  presented  to  facilitate  comparison 
with  future  experiments.  Comparison  to  stripping  theory  is  difficult 
since  the  state  is  unbound  to  proton  emission  making  conventional  strip¬ 
ping  programs  inadequate.  Butler  theory,  which  works  for  unbound  levels, 
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Figure  4-7  A  time  of  flight  spectrum  for  the  reaction  48Ca(d,n) ^ gSc 
taken  at  a  deuteron  bombarding  energy  of  6.0  MeV.  The 
section  of  the  spectrum  showing  the  u8Ca  ground  state 
analog  has  been  selected.  This  state  is  seen  to  occur 
at  an  excitation  energy  of  11.571  MeV  in  U9Sc 


. 


V 


U-> 

»o 


U 

\ 

t/> 

c 

o 

IV 

CM 


u 

SP 

V) 

u 

=L 

z 

o 

> 

<D 

o 

1— 

c 

<D 

5 

o 

0) 

S 

o 

o 

o 

< 

QC 

00 

“O 

o 

o 

o 

II 

_ 1 

o 

II 

o 

LU 

< 

II 

C 

o 

O 

u 

o 

U 

oo 

Ed 

CD 

II 

C 

oc 

< 

X 

LU 

2 

R 

CO 

U 

1— 

>o 

o 

LO 

0> 


*9 

CO 

o' 

«o 

CO 

z 

ro 


O 

O 


13NNVHD  d3d  S1NDCO 


250  350  450 

CHANNEL  NUMBER 


' 


* 


. 


« 

106 


Figure  4-8 


Relative  angular  distribution,  in  the  laboratory  system, 
for  neutrons  from  the  reaction  48Ca(d ,n) ^ 9Sc  leading  to 
the  11.571  MeV  state  in  4 'Sc.  The  zero  degree  cross 
section  was  calculated  to  be  approximately  3.5  mb/sr 
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could  do  no  more  than  confirm  the  angular  momentum  transfer.  Of  most 
interest  from  this  angular  distribution  would  be  the  spectroscopic 
factor  if  it  could  be  extracted. 

Two  features  of  this  distribution  are  similar  to  that  described 
in  Chapter  3  for  the  £  =  1,  u2Ca (d ,n) 4 'Sc  transition  to  the  6.155  MeV 

O  — 

level  in  43Sc  (analog  of  the  2.048,  —  level  in  ^3Ca).  First,  the 
shape  of  the  distributions  are  similar  suggesting  that  the  transition 
to  the  level  in  49Sc  is  also  £  =  1,  and  second,  the  peak  intensity  in 
both  are  quite  high.  Zero  degree  cross  sections  of  approximately  5.2 
mb/sr  for  the  43Sc,  6.155  MeV  distribution  and  approximately  3.5  mb/sr 
for  49Sc,  11.571  MeV  distribution  represent  the  most  intense  transitions 
observed  in  these  two  reactions. 

It  has  recently  been  reported  (Ch  67)  that  four  levels  exist  in 
this  region  of  excitation  energy  separated  by  less  than  10  KeV.  Levels 
with  this  small  separation  could  not  be  resolved  in  the  present  experi¬ 
ment  because  of  the  target  thickness.  A  subsequent  study  was  performed 
to  attempt  to  resolve  these  levels  using  a  50  yg/cm2  target.  Recent 
improvements  in  the  time  of  flight  spectrometer  allowed  a  neutron  thres¬ 
hold  of  300  KeV  to  be  used  while  still  maintaining  optimum  time  resolution 
(Ge  67d) .  With  an  RCA  8575  phototube  and  inch  thick  Naton  plastic 
scintillator,  an  energy  resolution  of  5  to  6  KeV  was  estimated  for  1  MeV 
neutrons.  The  results  of  the  experiment  were,  however,  negative  since 
the  peaks  were  obscured  by  the  1 3N  3.51,  3.56  contaminant  groups  at 
forward  angles  and  by  a  large  background  at  backward  angles.  No  cleaner 
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targets  of  this  thickness  were  available,  so  the  attempt  to  resolve  these 
closely  spaced  levels  was  postponed. 

4.6  Summary 

Angular  distributions  have  been  observed  in  the  (d,n)  reaction  leading 
to  a  number  of  states  in  u9Sc.  Spectroscopic  information  has  been  extracted, 
with  the  aid  of  the  Distorted  Wave  theory,  which  is  in  good  agreement  with 
that  found  from  the  48Ca(3He,d) 48Sc  reaction  (Ar  64,  Ar  65,  Er  66).  A 
Q  value  of  7.404  +  0.010  MeV  measured  for  the  48Ca(d,n) u9Sc  reaction  gives 
48Sc  excitation  energies  which  are  generally  lower  than  those  found  in  the 
48Ca(3He,d)49Sc  reaction  (Er  66).  The  present  excitation  energies,  however, 
agree  with  several  precise  measurements  obtained  from  the  study  of  gamma 
rays  following  the  8  decay  of  49Ca  (Ch  65). 

In  49Ca  ground  state  analog  has  been  found  to  occur  at  an  excitation 
energy  of  11.571  +  0.010  MeV  in  49Sc.  A  very  strong  transition  to  this 
state  was  observed  in  the  48Ca(d ,n) 4 9Sc  reaction.  An  attempt  to  determine 
whether  this  state  was  actually  composed  of  four  closely  spaced  levels 
(Ch  67)  was  unsuccessful. 
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CHAPTER  5 


CONCLUSIONS 

Angular  distributions  characteristic  of  single  particle  transitions 

have  been  observed  with  the  (d,n)  reaction  leading  to  a  number  of  states 

in  the  nuclei  Sc,  u3Sc  and  49Sc.  In  41  Sc  and  43Sc,  both  of  which  have 

been  described  as  doubly  magic  plus  one  nucleon,  departure  from  the  simple 

shell  model  picture  is  observed.  This  is  evidenced  by  a  splitting  of  the 

2P  strength  and  the  presence  of  low-lying  even  parity  states.  These 

departures  from  the  simple  shell  model  picture  are  possibly  due  to  residual 

interactions  and  core  excitations.  A  large  splitting  of  the  If 7  and  2P3 

~  2 

strength  is  observed  for  41  Sc  and  "^Sc.  Values  of  1.75  and  3.53  MeV  are 
found  for  41  Sc  and  49Sc,  respectively.  In  43Sc,  however,  components  of 
2P  single  particle  strength  are  found  as  low  as  0.475  MeV  excitation  energy 
and  spread  over  a  considerable  range  of  energies.  This  probably  results 
from  configuration  mixing  of  the  three  particles  outside  the  closed  40Ca 
core.  The  present  results  confirm  similar  observations  made  from  studies 
of  the  (3He,d)  reaction  on  these  same  three  nuclei  (Sh  64,  Bo  65,  Sc  66, 

Ar  64,  Ar  65,  Er  66). 

This  somewhat  cursory  study  of  nuclei  in  the  If 7  shell  has  stimulated 

2 

a  more  extensive  investigation  into  other  features  of  this  shell.  Other 
groups  in  this  laboratory  are  currently  carrying  out  studies  of  the  (d,p) 
and  (3He,n)  reactions  on  the  stable  calcium  isotopes.  Results  from  the 
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comparison  of  the  reactions  40Ca(d,n)4lSc  and  4 °Ca (d ,p) 4 1  Ca  have  been 
presented  by  Leighton  (Le  67a).  From  this  study,  it  would  appear  that 
some  families  of  deuteron  parameters,  characterized  by  large  values  for 
the  imaginary  well  depth  and  small  values  for  the  imaginary  diffuseness, 
can  be  discarded. 

A  number  of  the  angular  distributions  observed  in  the  present  three 
reactions  have  been  analyzed  in  terms  of  the  Distorted  Wave  Theory  for 
direct  reactions.  The  most  satisfactory  fits  to  the  data  were  observed 
for  the  48Ca(d,n) 4 9Sc  reaction.  It  would  also  appear,  from  the  48Ca(d,n) 
49Sc  results,  that  it  is  important  to  reproduce  the  main  stripping  maximum 
as  well  as  possible  if  consistent  spectroscopic  information  is  to  be 
extracted . 

Average  sets  of  neutron  elastic  scattering  parameters  have  been 
presented  by  Perey  and  Rosen  (Ro  66),  which,  it  is  suggested  should  work 
for  all  elastic  scattering  reactions  regardless  of  mass.  It  would  appear 
that  this  is  indeed  the  case  for  the  reactions  4 ' Ca (d ,n) 4 8Sc  and  48Ca(d,n) 
49Sc,  especially  for  stripping  to  the  excited  states  in  these  nuclei. 

Poor  agreement  between  calculations  and  data  for  the  H°Ca(d,n)4  Sc  ground 
state  transition  gave  rise  to  a  number  of  proposals  to  explain  the  differ¬ 
ences  . 

(1)  Compound  nucleus  process  are  important  and  should  be  taken 
into  account. 

(2)  average  neutron  elastic  scattering  parameters  from  Rosen 
(Ro  66)  are  inadequate  to  describe  the  stripping  process. 
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(3)  the  D  state  of  the  deuteron  internal  wave  function  should 
be  included  in  the  calculations . 

It  is  becoming  increasingly  important  in  reaction  theory  to  be  able 
to  treat  stripping  to  unbound  levels.  Many  reactions  are  now  being  studied 
where  stripping  to  unbound  levels  forms  an  integral  part  of  the  data.  The 
4 °Ca (d ,n) 4 1  Sc  and  40Ca('He,d)4  Sc  reactions  are  just  two  of  these.  The 
formalism  for  such  a  program  has  been  presented  by  Huby  and  Mines  (Hu  65) , 
but  has  not  found  wide  application  because  of  mathematical  difficulties. 

In  the  past,  it  has  been  usual  to  analyze  distributions  to  unbound  levels 
in  terms  of  the  Butler  Plane  Wave  theory.  This  has,  however,  proved  to 
be  an  unreliable  way  of  extracting  nuclear  structure  information.  In  all 
three  nuclei  considered  in  the  present  study,  additional  information  can 
be  extracted  with  a  program  for  fitting  unbound  levels.  Of  interest  in 
43Sc  and  49Sc  are  isobaric  analog  states  that  have  been  calculated  to 
carry  appreciable  portions  of  the  single  particle  strength.  It  would 
be  of  considerable  interest  to  be  able  to  extract  this  information  from 
the  experimental  data. 
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APPENDIX  I 


A  FORTRAN  IV  PROGRAM  FOR  THE  CALCULATION  OF  NEUTRON  DETECTION  EFFICIENCY 

Al. 1  Introduction 

The  main  difficulty  with  using  neutron  detectors  in  nuclear  spectro¬ 
scopy  experiments  is  the  determination  of  detector  efficiency  versus 
neutron  energy.  Measurement  of  efficiencies  can  be  long  and  tedious 
especially  when  absolute  values  are  desired  (Bu  67) .  It  was  for  this 
reason  that  an  attempt  was  made  to  calculate  the  efficiency. 

In  principal,  the  detection  of  neutrons  with  scintillators  can  be 
attributed  to  scattering  from  hydrogen  and  carbon.  These  are  simple 
processes  to  calculate,  so  that  determination  of  the  efficiency  to 
within  a  few  percent  should  be  possible.  In  the  present  calculations, 
double  scattering  from  hydrogen,  single  scattering  from  carbon  (Ha  58) 
and  detector  resolution  have  been  included. 

Al. 2  Formalism  for  the  Calculated  Efficiency 

Fig.  Al-1  represents  a  cross  section  of  a  scintillator,  showing  the 
first  and  possible  second  proton  collision  of  a  neutron  passing  through 
it.  The  scintillator  is  approximated  by  an  infinite  slab  of  hydrocarbon 
L  cm  thick.  Since  the  scintillator  used  was  a  disk  3.45  inches  in  diameter 
and  0.75  inch  thick,  a  reduction  in  efficiency  is  to  be  expected  due  to 
neutron  leakage  out  the  sides.  However,  this  should  be  a  small  effect  for 
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Figure  Al-1  Scintillator  cross  section 

the  following  reasons 

1)  The  laboratory  differential  cross  section  for  (n,p)  scattering 
is  proportional  to  the  cosine  of  the  neutron  deflection  angle,  which 
insures  predominantly  forward  scattering. 

2)  The  energy  of  proton  scattered  neutrons  is  proportional  to 
the  square  of  the  cosine  of  the  neutron  deflection  angle,  which  means 

that  the  few  neutrons  scattered  through  large  angles  are  slow,  consequently 
having  a  greatly  reduced  mean  free  path  in  the  hydrocarbon  because  of  the 
rapidly  rising  (n,p)  scattering  cross  section  with  decreasing  neutron 
energy . 

Hardy  (Ha  58)  gives  the  proton  recoil  spectrum  in  the  form  P(Kp,  E0) 
where  Kp  is  the  fraction  of  the  energy  retained  by  the  neutron  after  a 
proton  collision  i.e.  Kp  =  (E0  -  Ep)  /  E0 

Ep  is  the  proton  recoil  energy.  EQ  is  the  maximum  proton  recoil  energy 
and  is  equal  to  the  laboratory  neutron  energy  before  scattering.  In  this 
representation,  we  may  define  P(K  ,  EQ)  as  the  probability  that  an  incident 
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neutron  of  energy  EQ  will  lose  energy  (1  -  Kp)E  to  one  or  two  protons 
in  the  scintillator. 

With  the  geometry  of  figure  Al-1,  the  expression  for  P(Kp,  EQ)  may  be 
written  as  follows  (Ha  58) 


P(Kp,  E0)  =  /  [EXP  {  -  n(L-<)  o(EQ)  }]  nc(E0) 


o 


»  2 


x  EXP  {  -  no  (KpE0)  k/'k"  >  d 


+  /  [EXP  {  -  n ( L- k )  a (E0)  }]  na(E0) 
o 


E, 


r 


x  /  [1  -  EXP  {  -  na (kE0)  k/1c2  }]  — 

Kn  K 


where  a(EQ)  =  a(E0)  +  (nc/n)  ac(EQ) 

n,  nc  -  the  hydrogen  and  carbon  densities,  in  atoms  per 
cm  . 

a(EQ),  crc(E0)  -  the  hydrogen  and  carbon  neutron  scattering 

cross  sections;  c(EQ)  given  by  (Ba  57)  and 
ac(E0)  by  (Hu  58) 

Performing  the  integration  over  the  scintillator  width,  which  can  be  done 
explicitly,  one  obtains 


P(Kp,  E0)  =  o(E)_  KP 


L ' 
2 


E  cr(KpE)  -  a (Ep)Kp 


{  q(Kp,  E0)  -  q(E0)  } 


■ 


115 


g(E0)  q<£0) 

E0  & (Eq) 


log  K 
6  P 


q(k,EQ)  ~  q(E0) 

1_ 

k  a (Ec)  -  k2  a (kE0) 


dk 


It  is  convenient  for  comparison  to  experiment  to  write  the  proton 
recoil  spectrum  in  the  form  P(Ep,  E0) .  The  total  area  under  the  proton 
recoil  spectrum  in  each  representation  must  be  the  same  so  that  we  can 
write 

p<Ep>  V  dEp  =  P<V  V  dKp 


P(Ep,  E0)  =  -  P(Kp,  E0) 


The  above  representations  of  the  proton  recoil  spectrum  assume  an 
infinitely  sharp  detector  resolution.  It  is  assumed  that  a  proton  of 
definite  energy  stopping  in  the  scintillator  gives  rise  to  a  definite 
luminous  output.  In  fact,  however,  this  luminous  output  consists  of  a 
finite  number  of  photons  distributed  statistically  over  a  variety  of 
wavelengths  and  produced  by  a  finite  number  of  discrete  events  in  which 
energy  is  transferred  from  the  proton  to  the  scintillator  and  then  to 
the  radiation  field.  This  implies  that  protons  of  a  given  energy  give 
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rise  to  a  distribution  of  luminous  outputs  rather  than  one  discrete 
output.  In  addition,  the  pulse  height  observed  at  the  output  of  the 
photomultiplier  represents  the  finite  number  of  electrons  liberated 
from  the  photocathode  by  the  photons  emitted  by  the  scintillator. 

The  net  result  of  the  statistical  fluctuations  in  the  scintillator 
and  photomultiplier  is  that  protons  of  a  single  energy  produce  a  distribu¬ 
tion  of  output  pulse  heights.  This  distribution  is  reasonably  will 
represented  by  a  Gaussian  function  whose  width  varies  approximately  as 
the  square  root  of  the  pulse  height  (Ga  52) . 

The  observed  proton  recoil  spectrum  can  then  be  represented  by  a 
function  P  (E,  EQ)  which  is  obtained  by  folding  the  previous  function 
P(Ep,  EQ)  with  the  appropriate  gaussian.  E  is  now  the  observed  or 
apparent  proton  energy.  We  may  write 

P'(E,  E0)  in  the  following  form 

2 

P"(E,  E0)  =  /  °  P(E  ,  E0)  G([  E  -  Ep  ],  W  [  Ep  ])  dE 

o 

where  G  is  a  gaussian  whose  standard  deviation  W  is  some  function 

of  Ep . 

For  purposes  of  calculation,  we  change  to  the  K  coordinate  system. 

We  have  as  before  that 

P'(Ke,  Ed)  =  P'(E,  E0)  dE 

dKE 


=  -  Ec  P'(E,  Ec) 
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where  Kg 


P'(Ke.  Ed) 

=  -  E0  /  -  P(Kp,  E0)  G  (  [  E0  -  E0  Kg  ]  -  [  E0  -  E„  Kp  ], 

1  ~ 

W  I  Eo  -  Eo  Kp  ]  )  (  -  E0  d  Kp  ) 


The  gaussian  G  in  this  expression  can  be  written  in  the  explicit  form 


g  =  -r- 

TT2  W 


EXP  - 


[ 


Eq(kp  -  Ke) 


w 


Finally  the  detector  efficiency  is  given  by 


K, 


£  (Eb>  Ec)  =  Ec  /  b  P'(KE>  E0)  dK 


where  K,  =  EQ  -  E^ 


Jo 


Al. 3  Experimental  Aspects  and  Comparison  to  Calculations 

The  neutron  detector  efficiency  has  been  calculated  for  a  cylindrical 
NE  213  scintillator  (3.45"  dia.  x  0.75"  length)  coupled  to  a  Phillips 
XP  1040  photomultiplier. 
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The  resolution  of  the  detector  system  was  measured  by  illuminating 
the  photocathode  with  the  output  of  a  light  pulser.  The  light  output  of 
the  pulser  was  adjusted  to  give  the  range  of  pulse  heights  normally  seen 
in  a  neutron  time  of  flight  experiment.  The  output  of  the  photomultiplier 
was  found  to  be  adequately  represented  by  a  gaussian  function.  The 
following  relationship  between  the  FWHM  of  the  gaussian  and  the  average 
pulse  height  was  found 

1_ 

FWHM  =  2.50  *  (Average  pulse  Height)2 

For  purposes  of  calculation,  it  is  necessary  to  relate  the  pulse 
height  to  proton  recoil  energy.  This  is  done  most  conveniently  by  looking 
at  a  22Na  recoil  spectrum  (Sc  66a).  The  two  thirds  amplitude  points  on  the 
Compton  edges  of  the  Na  recoil  spectrum  were  assumed  to  correspond  to 
the  energies  0.341  and  1.066  MeV.  To  transform  from  electron  to  proton 
energies,  one  may  use  the  following  equations  for  NE  213  published  by 
Batchelor  et  al  (Ba  61) 

Lp  =  0.215  Ep  +  0.028  Ep2  (0  <  Ep  <  8  MeV) 

=  0.60  Ep  -  1.28  (8  <  Ep  <  14  MeV) 

where  Lp  is  the  light  output  (equal  to  the  electron  energy  in  MeV) 

Ep  is  the  proton  energy  in  MeV. 

The  lower  cut-off  energy,  E^,  may  also  be  found  quite  easily  in  terms 

of  the  22Na  spectrum. 
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The  absolute  efficiency  calculated  with  the  present  program  is 
shown  in  figure  Al-2  with  the  experimentally  measured  relative  efficiency 
normalized  at  5.0  MeV.  The  relative  efficiency  was  measured  for  the 
detector  configuration  used  in  the  42Ca (d ,n) 4 3Sc  experiment  (Chapter  3). 
In  particular,  an  NE  213  scintillator  and  an  XP  1040  photomultiplier 
biased  at  a  neutron  energy  of  1.05  MeV  formed  the  detector  combination. 

Quite  satisfactory  agreement  between  the  shapes  of  the  two  curves 
is  obtained.  Similar  results  have  been  obtained  with  other  bias  values, 
therefore,  it  is  felt  that  the  program  can  be  used  quite  reliably  to 
predict  relative  efficiencies.  Burbank  (Bu  67)  finds  some  disagreement 
between  the  measured  and  absolute  efficiencies  which  is  presently  being 
investigated  by  comparison  with  other  experimentally  measured  absolute 
efficiency  curves. 

Calculations  have  been  performed  with  a  simplier  theory  in  which 
the  detector  resolution  was  not  included.  In  addition,  single  scatter¬ 
ing  from  hydrogen  and  carbon  were  assumed  to  be  the  only  important 
processes  affecting  the  efficiency.  This  theory  was  found  to  under¬ 
estimate  the  efficiency  at  the  peak  of  the  curve  (neutron  energy  of 
2.5  MeV  in  figure  Al-2).  At  energies  above  5.0  MeV  values  from  this 
simple  theory  and  from  the  present  program  were  quite  similar. 

The  present  approach  can  possibly  be  improved  by  extending  the 
scattering  of  the  incoming  particle  to  higher  orders.  This  is  the 
approach  taken  in  Monte  Carlo  programs  (Ba  61) .  One  would  expect 
better  agreement  between  the  calculated  and  experimental  efficiencies 
at  the  peak  of  the  efficiency  curve  if  higher  orders  of  scattering  are 
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Figure  Al-2  Absolute  efficiency  calculated  with  the  present  program 

compared  with  the  relative  efficiency  for  the  XP  1040 
detector  and  an  NE  213  scintillator.  The  relative 
efficiency  has  been  normalized  to  the  calculated  values 
at  5.0  MeV.  Approximately  6%  errors  are  associated  with 
each  point 
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included. 

The  program  is  in  a  form  suitable  for  the  University  of  Alberta 
IBM  System  360,  Model  67  computer  and  was  found  to  require  10  sec 
per  efficiency  point. 

The  following  two  tables  (Al-1  and  Al-2)  give  the  input  parameter 
list  and  a  typical  output,  respectively.  Finally,  a  Fortran  listing  of 
the  program  is  presented. 
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Table  Al-1  Program  Input  Parameters 


Card 

No. 


Program 

Symbol 


Explanation 


Format 


VK, 

SMK 


E, 

DE, 

EMAX 


TITLE  CARD 

VK  is  a  dimensionless  quantity  relating 
the  standard  deviation  of  the  gaussian 
used  to  approximate  detector  resolution 
and  the  position  of  this  gaussian.  In 
an  actual  experiment,  the  position  of 
the  gaussian  is  taken  to  mean  the  pulse 
height.  For  the  XP  1040  photomultiplier 
used  in  the  present  experiments,  the 
following  expression  was  found 

Gaussian  FWHM  =  1 

2.50  x  (pulse  height)2 

thus  VK  =  2.50/2.36, 

the  2.36  relates  the  FWHM  and  the  standard 
deviation  of  the  gaussian. 

SMK  is  the  slope  of  the  22Na  calibration 
line  obtained  as  described  in  the  text. 

Units  are  electron  energy  (MeV)  per  channel. 
In  the  present  experiment,  this  was  found  to 
be  0.0027  MeV/ channel. 

_E  is  the  neutron  energy  at  which  the 
efficiency  calculation  is  to  begin, 

DE,  the  increment  in  this  energy  and, 


IX,  50H 
2F10.0 


3F5.2 


*K  ba$38 

■  1  . 


Table  Al-1  (continued) 
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Card 

No. 


Program 

Symbol 


EB 


AL, 

DN, 

DC 


Explanation 


EMAX,  the  maximum  value  of  the  energy. 
For  the  NE  213  scintillator,  this  is 
limited  to  14  MeV  by  the  curves  which 
relate  electron  and  proton  energies. 

It  is  also  limited  to  15  MeV  as  the 
highest  value  tabulated  for  the  carbon 
cross  sections.  Units  -  MeV. 

EB ,  neutron  cut-off  energy  (MeV) , 
in  figure  Al-2  found  by  extrapolating 
the  sloping  section  of  the  curve  to 
zero  efficiency.  Note  E  above  can 
be  less  than  EB 

AL  is  the  length  of  scintillator  in  CM. 

DN,  number  of  hydrogen  atoms/cm3  in 
the  scintillator.  For  NE  213  =  0.4888 
x  1023  atoms /cm3 

DC,  number  of  carbon  atoms /cm3  in  the 
scintillator.  For  NE  213  0.4030  x  1023 
atoms /cm 3 


Format 


F5.2 


F5.2, 

2E15.4 


■ 


. 


. 


' 
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Table  Al-2  Sample  Output 


NE  213  (Grandy)  April  1967 

Length  of  crystal  =  1.905  CM  No  of  H  atoms/CC  =  0.4888E  23 
No  of  C  atoms/CC  =  0.4030E  23  EB  =  1.050 


Energy 

Efficiency 

Efficiency  (Simple  Theory) 

0.8000 

0.0000 

-0.1020 

1.0000 

0.0102 

-0.0148 

1.2000 

0.0584 

0.0347 

1.4000 

0.0885 

0.0651 

1.6000 

0.1037 

0.0845 

1.8000 

0.1123 

0.0972 

2.0000 

0.1183 

0.1057 

2.2000 

0.1214 

0.1113 

2.4000 

0.1227 

0.1147 

2.6000 

0.1229 

0.1163 

2.8000 

0.1218 

0.1162 

3.0000 

0.1239 

0.1191 

The  author  wishes  to  acknowledge  the  contribution  of  D.A.  Gedcke 
who  was  instrumental  in  the  formulation  of  the  present  theory,  parti¬ 
cularly,  in  the  section  where  the  detector  resolution  was  included. 
The  interpolation  routine  used  to  extract  the  n  -  12C  cross  section 
is  due  to  J.F.  Easton  and  the  general  integration  algorithm  is  from 
a  DWBA  program  written  by  B.E.F.  Macefield. 
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FORTRAN  SOURCE  LISTING 


C  MAINLINE  PROGRAM 

COMMON/ TBG/AL ,DN,DC 
COMMON/ GRA/AKN,SMK,VK 
COMMON/PCA/PVAL( 1001) 

DIMENSION  RES (1001) 

6  READC5,8) 

WR I TE (6,20) 

READC5,111)VK,SMK 

READC5 , 1)  E  ,DE ,EMAX 

READC5, 1)  EB 

FI-0.01 

F2-0.01 

F3-0.01 

READC5 ,7)  AL,DN,DC 
WR  I  TEC  6,8) 

WR I  TEC 6 ,9)  AL,DN,DC 
WR  I  TEC 6, 5)  EB 
WRI TEC  6, 3) 

J-  CEMAX-E)/DE+1  .49 
OO  2  J1-1,J 
A  KB-  CE-EB)/E 
CALL  PCALCCE,F2,F3) 

NUM-1.0/F1+1 .49 
AK— 3.0*GCE)/E 
DKB-F 1*CAKB-AK) 

DO  30  JOB-1, NUM 
RES  C  J  OB)  -P I  I  C  AK  ,E  ,F3) 

30  AK-AK+OKB 

CALL  I  NTEGCRES,SUM,DKB,  1,NUM) 

E  FF«SUM*E 

A -DN*SGCE)+DC*CSGCE) 

EAF-DN*SGCE)/A*C1.0-EXPC-A*AL))*CE-EB)/E 
WRI TEC 6, 4)  E ,EFF,EAF 

2  E  -E+DE 
GO  TO  6 

1  F0RMATC5F5.2) 

3  FORMATC//10X,6HENERGY ,7X,  10 HE FF I  CIENCY,5X,25HEFFI  CIENCYCSIMPLE  THE 
10RY )/) 

4  FORMATC 1X,3F15.4,/) 

F0RMATC6H  EB«,F9.3) 

FORMA  TCF5.2,2E  15.4) 

FORMATC IX, 50H 

FORMATC IX, 18HLENGTH  OF  CRYSTAL- ,F6. 3, 2X,2HCM, 

1  5X, 17HN0  OF  H  ATOMS/CC-,E 15.4, 

2  5X, 17HNO  OF  C  ATOMS/CC-,E 15.4) 

20  FORMATC  1H2) 

111  FORMATC2F10.0) 

END 


OS,a>3T!flW 
aA,v  1,30,3  <l\?)OA3fl 

t#r-ri  s  oo 

3M83-3)  *8X  A 
..  '  11  JJAO 
9,.  «,  \8,r-MUM 
3\C3>3,9.C-« MA 
n>A)n3-a>IO 
W  -801  00 


'  ri  <A  i  (801)238 

. 

Q+(3)32#MO« A 

|  V  (  *  ^  S  OT  03 

3HT  3 JPM12 )Y3M3I3  m3H^S(X?,YOM3IO  H3>18rtXTtYDP3l^3H^tX«r\\)TAMP03 

(\CYPQf 

„• 

K8  \xnTAMP03 

,  a-iS,X';:,£.^3t- J^T2YP3  10  3T3K  jJH8r,Xt )TAI*fl03 


'■r-  ■  ■  -  r ,  •  s 


(SHt  5TAMP03 
(S.Sr  3S)TAMP03  T  f  f 
QM3 


FUNCTION  P(TAK,E,TDK) 

COMMON/TBG/AL ,DN,DC 
DIMENSION  RESC1001) 

AK-TAK 

DK-TDK 

I FCAK.LT. 0.001)  A K- 0.00 1 
I FCAK.GT. 0.999)  AK-0.999 
I FCDK.LT. 0.0001)  DK-0.0001 
NUM-  Cl .  0**AK)/DK+1 .49 
ASG-SG(E) 

SGB-ASG  +(DC/DN)*CSG(E) 

QBE-1. 0-EXP(-DN*AL*SGB) 

PH-SQRT(AK) 

SGAK«SG(AK*E) 

QA  K  « 1 . 0  -E  XP  (  -DN  *AL  *  SGAK/P  H) 

P 1-PH*ASG/E*CQAK-QBE)/( SGAK-PH*SGB) 
P3— ASG*QBE*ALOG(AK)/(E*SGB) 

BK-AK 

DO  2  J-1,NUM 
SQBK-SQRT(BK) 

SGBK»SG(BK*E) 

QBK-1. 0-E  XP  ( -DN*AL*SGBK/SQBK) 
RES(J)« (QBK-QBE)/(BK*SGB-SQBK*SGBK) 
BK-BK+OK 
JT-J 

I  FCBK.GT.1.0)  GO  TO  3 
CONTINUE 

CALL  INTEG(RES,SUM,DK,1,JT) 

P2«SUM*ASG/E 

P-P 1+P2-+P3 

RETURN 

END 


FUNCTION  G(E) 

COMMON/ GRA/AK  B, SK  ,V  K 
EP-E 

I  FCEP.LT. 0.001)  EP-0.001 
I  FCEP.LE .8^0)  GO  TO  1 
EE«0.60*EP-1.28 
GO  TO  2 

EE-0.215*EP+0.028*EP**2 

GE«SQRT(SK*EE)*VK 

G-  C-0 .2 15+SQRTC  0 . 0462+0 . 1 12*GE)  )/ 0. 056 

RETURN 

END 
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FUNCTION  SG(EN) 

SG  -9.424778/C 1.206*EN  +(0.09415*EN  +0.000130*EN  **2-1.860) 

1**2) +3. 14  159/(  1 ,206*EN  +( 0 .4223+0.  130*EN  )**2) 

SG-SG*1.0E-24 

RETURN 

END 


FUNCTION  PI  I  CAKE  ,E0,F3) 

COMMON/ GRA/AKB,SMK,VK 
COMMON/PCA/PVAL( 1001) 

DIMENSION  RESC1001) 

AK-AKE 

IFCAKE.LE.0.0)  AK-0.00 

IR-1 

DAK-F3 

DO  3  J- 1, 10  01 
AG-G(EO*( 1.0-AK)) 

T«E XP(-C(EO*( AK-AKE) )/AG)**2) 

I NDEX-AK/F3+1.49 

RES ( I NDEX)*PVAL( I NDEX)*T/AG 

I F(J.EQ.I)  RREM-RESC INDEX) 

GO  TO  (4,5) ,  I  R 

4  AK-AK-DAK 

I  FCAK.LT.0.0.OR  ,RES(  I  NDEX)  .LE  .0.0001*RREM)  GO  TO  7 
GO  TO  3 

7  AK-AKE+OAK 

I  FCAKE.LE.0.0)  AK-DAK 
I  R-2 

JL*  I  NDEX 
GO  TO  3 

5  AK-AK+DAK 

I  FC  AK  .GT.  1. 0.OR  .RESC  INDEX)  .LE  .  0 . 0  00 1*RREM  )  GO  TO  8 
3  CONTINUE 

8  CALL  INTEGCRES, SUM, DAK, X, INDEX) 

P 1 1 »SUM*E 0/1. 77245 

RETURN 

END 
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SUBROUTINE  PCALC(E,F2,F3) 

COMMON/P CA/PVAL Cl  001) 

IR-1 

AK-0.0 

PEND-PC 1.0,E ,0.0) 

1  DK-(1.0-AK)*F2 
J-AK/F3+1.49 
GO  T0(2,3),IR 

2  PVAL(J)«P(AK,E,DK) 

PTEMP-PVALCJ) 

I F( (PVALC J) -PEND)/PEND  .LE .0.0001 ) I R»2 
GO  TO  4 

3  PVALC  J)  •  (PEND +P  TEMP)/ 2.0 

4  AK-AK+F3 

I FCAK.GT. 1.0)  RETURN 

GO  TO  1 

END 


SUBROUTINE  I NTEG(F,V ,H,N1,N2) 

DIMENSION  F( 1001) ,A (6) 

DATA  A/0.31559193,  1.39217923,0.62397487,  1.24408069, 
1  1.01426918  / 

NN1-N1 

NN2-N2 

V-0.0 

DO  1  1-1,6 
K-l -1+NN1 
LL-NN2-K+NN 1 
V  -  CF(K)+FCLL)  )*AC  I)  +V 

1  CONTINUE 
LL-NN2-6 
LLL-NN1+6 

DO  2  I -LLL,LL 
V-V+FCI) 

2  CONTINUE 
V-H*V 
RETURN 
END 
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FUNCTION  CSGCE) 

DIMENSION  X(99),Y(99) 

DATA  XC  1),YC  1)/0.00,4.70/ 
DATA  XC  02)  ,YC  02)/0.01,4 .75/ 
DATA  XC 03) ,Y(  03) /0. 10,4 .55/ 
DATA  X(04),Y(04)/0. 15,4.35/ 
DATA  XC  05),YC  05)/0,20,4.20/ 
DATA  XC 06) * Y C 06)/ 0*3 0,3 .95/ 
DATA  XC  07) , Y C 07)/ 0.4 0,3. 65/ 
DATA  XC  08) , Y C  08)/ 0.50,3 .4 0/ 

DATA  XC  09),YC  09)/ 0.60,3.20/ 
DATA  XC10),YC10)/0.70,3.00/ 
DATA  XC 1 1 ) , YC 11)/ 0.80, 2. 85/ 
DATA  XC12),YC 12 )/ 0 . 90 , 2 .73/ 
DATA  XC  13) , Y C 13) /1. 00, 2 .85/ 
DATA  XC  14),YC  14)/1. 10 ,2.50/ 
DATA  XC  15), YC  15)/ 1.20,2.38/ 
DATA  XC 16 ) , Y C  16)/ 1.30,2.27/ 
DATA  XC  17) , Y C 17) /1. 4 0,2 .17/ 
DATA  XC18),YC 18)/ 1 ,50 ,2 .07/ 
DATA  XC 19),Y C 19)/ 1.60,2.00/ 
DATA  XC20) ,YC20)/ 1.70, 1.93/ 
DATA  XC21),YC21)/ 1.80,1.85/ 
DATA  XC 22), YC 22)/ 1.90, 1.78/ 
DATA  XC23) ,YC23)/2.00, 1.73/ 
DATA  XC24) ,YC24)/2. 10, 1.70/ 
DATA  XC25),YC25)/2.20, 1.60/ 
DATA  XC26),YC26)/2.40,1.55/ 
DATA  XC27) ,YC27)/2.60, 1.60/ 
DATA  XC28),YC28)/2.70,1.65/ 
DATA  XC29),YC 29)/2.80, 1.80/ 
DATA  XC 30),YC30)/2.85 ,2.00/ 
DATA  XC  31),YC31)/2. 90 ,2.40/ 
DATA  XC32),YC32)/2. 93,2.80/ 
DATA  XC33),YC33)/2.95,3.10/ 
DATA  XC34),YC34)/2.96,2.70/ 
DATA  XC35),YC35)/2.98,2.20/ 
DATA  XC  36) ,YC 36)/3.00 , 1.15/ 
DATA  XC37),YC37)/3.03, 1.10/ 
DATA  XC38),YC38)/3.10,1.50/ 
DATA  XC 39), YC 39)/ 3. 20, 1.80/ 
DATA  XC40) ,YC40)/3.40,2 .20/ 
DATA  XC41),YC41)/3.60,1.15/ 
DATA  XC42),YC42)/3.80, 1.10/ 
DATA  XC 43) ,YC 43)/ 4. 00, 1,90/ 
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DATA  X(44),Y(44)/4.10,1.85/ 
DATA  X( 45) ,Y( 45)/4.20, 1.80/ 
DATA  X(46),Y(46)/4.25,1.90/ 
DATA  XC47),Y(47)/4.30,2.05/ 
DATA  X(48),Y(48)/4.40,1.80/ 
DATA  X(49),Y(49)/4.80, 1.30/ 
DATA  X(50),Y(50)/4.90,1.20/ 
DATA  X(51),Y(51)/4.95,1.50/ 
DATA  XC 52) ,Y(52)/5.00, 1.25/ 
DATA  X(53) ,Y(53)/5.20, 1 .10/ 
DATA  X(54) ,Y(54)/5.30, 1,05/ 
DATA  X(55),Y(55)/5.35,1.05/ 
DATA  X(56),Y(56)/5. 40,1.70/ 
DATA  X(57) ,Y(57)/5.45 , 1. 10/ 
DATA  X(58) ,Y(58)/5.60, 1.00/ 
DATA  X(59),Y(59)/6.00, 1.00/ 
DATA  XC60),Y(60)/6.20,1.10/ 
DATA  X(61),Y(61)/6.25,1.80/ 
DATA  X(62),Y(62)/6.30,2.60/ 
DATA  X(63),Y(63)/6.35,1.50/ 
DATA  X(64),YC64)/6.40,1.10/ 
DATA  X(65),Y(65)/6.60,0.50/ 
DATA  X(66),Y(66)/6.80,0.80/ 
DATA  X(67),Y(67)/7.20,0.80/ 
DATA  X(68),Y(68)/7.30,0.85/ 
DATA  X(69),Y(69)/7.35, 1.40/ 
DATA  X(70),Y(70)/7.40,1.70/ 
DATA  X(71),Y(71)/7.50, 1.80/ 
DATA  X(72),YC72)/7.60, 1.40/ 
DATA  X(73),Y(73)/7.61,1.10/ 
DATA  X(74),Y(74)/7.70,1.50/ 
DATA  XC75),Y(75)/7.80,2.10/ 
DATA  X(76),Y(76)/7. 90,1.85/ 
DATA  X(77),Y(77)/8.00,1.80/ 
DATA  X( 78) ,Y(78)/8.20 , 1.80/ 
DATA  XC79),Y(79)/8.30,1.15/ 
DATA  X(80) ,Y( 80)/8.40, 1. 10/ 
DATA  X(81),Y(81)/8.60,1.13/ 
DATA  X(82),Y(82)/9.00, 1.14/ 
DATA  X(83),Y(83)/10. 0,1.15/ 
DATA  XC84) ,YC 84)/ 11 .0,1.20/ 
DATA  X(85),Y( 85)/12 .0, 1,25/ 
DATA  XC86) ,YC86)/ 13.0, 1.3 1/ 
DATA  X(87),Y(87)/14. 0,1.36/ 
DATA  XC 88) ,YC 88)/ 15.0, 1.40/ 
CALL  INT(PAR,E,X,Y,88) 
CSG-PAR*1.0E-24 
RETURN 
END 
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SUBROUTINE  I  NT  (EFF,EN,X,Y,M) 

DIMENSION  XC99),Y(99) 

I FCEN-XC 1 ))  20,42,7 

7  I FCEN-X(M))  5,45,50 

5  IFCEN-X(M-D)  8,43,70 

8  1*1 

6  I F(EN-X( I ) )  15,40,10 

10  1-1+1 

GO  TO  6 

15  IFCI-2)  20,25,30 

20  WRITE  (6,16)  EN,X( 1) 

16  FORMAT  (5X,3HX  - ,F 12.8,25HBEL0W  RANGE  OF  LIMIT  XL  -,F12.8) 
EFF-0.0 

RETURN 

25  D3D5- CX  C  2) — XC 1))/(X(3)-X(2)) 

D3-X(2)-X(1) 

D4-XC3) -X(1) 

SP2-  ((Y(3)-Y(2) )*D3D5+(Y(2)-Y(1))/D3D5)/D4 
B-SP2/D 3-(Y(2)-Y( 1))/()3**2) 

C-2.*(Y(2)-Y(1))/D3-SP2 
DX-EN-XC 1) 

EFF«(B*DX+C)*DX+Y(1) 

RETURN 

30  D1D3-  (X(  I  -1)-X(  1-2)  )/(X(  l)-X(  l-D) 

D2-XC I ) -X(  I  -2) 

D305«(X(I )-X( I -1) )/(X( 1+1 )-X( I)  ) 

D4*X( l  +  1)-X(  1-1) 

D3*X(  I)  -X(l  -1) 

SP1-((Y(I)-Y(I-1))*D1D3+(Y(  l-1)-Y(  I  -2))/D  1D3)/D2 
SP2-  ((Y(l  +  1)-Y(  I)  )*D3D5+(Y(  I) -Y(  l-1))/D3D5)/D4 
A 1-(SP1+SP2+2,*(Y ( I -1)-Y( I) )/D3)/(D3**2) 

B- C3.*(Y(I)-Y(I-1))/D3-2.*SP1-SP2)/D3 
DX-EN-XC 1-1) 

E  FF- ((A 1*DX+B)*DX+SP1)*DX+Y(  I  - 1 ) 

RETURN 

70  D3D5-  CXC  M— 1  )-X(M-2)  )/(X(M)-X(M-D) 

D3-X(M-1)-X(M-2) 

D4-X(M)-X(M-2) 

SP2- ((Y(M)-Y(M-I) )*D3D5+(Y(M-1)-Y(M-2))/D3D5)/D4 
B-SP2/D 3-CYCM-1 )-Y(M-2) )/D3**2 
C-2*0*(Y(M-1)-Y(M-2) )/D3-SP2 
DX-EN-X(M-I) 

E FF-  (B*DX+C)*DX+Y(M-2) 

RETURN 

40  EFF-Y(I) 

RETURN 

42  E  FF -Y  Cl) 

RETURN 

43  E  FF-YCM-1) 

RETURN 

45  EFF-YCM) 

RETURN 

50  WRITE  (6,17)  EN,X(M) 

17  FORMAT  (5X,3HX  -,F 12.8,25HAB0VE  RANGE  OF  LIMIT  XU  -,F12.8) 
EFF-0.0 

RETURN 

END 
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APPENDIX  II 


NUMERICAL  VALUES  FOR  THE  MEASURED  CROSS  SECTIONS 

This  appendix  contains  numerical  values  for  the  absolute  differential 
cross  sections  discussed  in  the  main  text.  Cross  sections  are  presented 
for  the  reaction  4 °Ca(d ,n) 4 1  Sc  at  deuteron  bombarding  energies  of  5.0,  6.0 
and  6.5  MeV,  and  for  the  reactions  42Ca(d,n) 43Sc  and  48Ca(d,n)49Sc  at 
bombarding  energies  of  5.15  and  5.5  MeV,  respectively.  Relative  differen¬ 
tial  cross  sections  are  presented  for  neutrons  leading  to  the  ground  state 
and  0.500  MeV  of  1 7F  from  the  reaction  !80(d,n)17F  reaction  at  bombarding 
energies  of  6.0  and  6.5  MeV.  These  cross  sections  were  extracted  from  the 
17F  contaminant  peaks  occuring  in  the  40Ca(d,n) 4 lSc  spectra.  Relative 
differential  cross  sections  are  also  presented  for  neutrons  leading  to 
the  ground  state  and  2.365  MeV  state  of  1  3N  from  the  reaction  L2C(d,n)13N 
at  a  deuteron  bombarding  energy  of  6.5  MeV.  These  cross  sections  are  the 
results  of  an  experiment  performed  with  a  natural  carbon  target  and  were 
used  to  extract  a  ••  3N  contaminant  from  the  41  Sc  1.718  MeV  peak. 
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ANGULAR  DISTRIBUTION  FOR  THE  GROUND  STATE 
41Sc  FROM  40Ca(d,n)41Sc.  Ed  =  5.0  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr 

0.0 

0.0 

4.22 

0.12 

5.0 

5.2 

4.15 

0.11 

10.0 

10.4 

4.02 

0.26 

15.0 

15.6 

3.64 

0.17 

20.0 

20.8 

3.11 

0.13 

25.0 

26.0 

2.58 

0.10 

30.0 

31.2 

2.72 

0.10 

35.0 

36.3 

2.73 

0.10 

40.0 

41.5 

3.03 

0.11 

45.0 

46.6 

3.35 

0.14 

50.0 

51.8 

3.42 

0.19 

60.0 

62.0 

3.34 

0.10 

75.0 

77.3 

3.41 

0.12 

85.0 

87.3 

3.10 

0.11 

95.0 

97.3 

2.44 

0.10 

120.0 

122.0 

1.93 

0.09 

135.0 

136.6 

1.16 

0.07 

146.0 

147.3 

0.83 

0.05 

ANGULAR  DISTRIBUTION  FOR  THE  1.718  MEV  STATE 

OF  41Sc  FROM  4 °Ca(d ,n) 4 1  Sc .  E,  =  5.0  MEV. 

a 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

43.2 

1.0 

5.0 

5.3 

43.7 

1.1 

10.0 

10.6 

42.9 

1.4 

15.0 

15.8 

43.9 

1.5 

20.0 

21.1 

42.1 

1.2 

25.0 

26.4 

38.4 

1.3 

30.0 

31.6 

33.7 

1.1 

35.0 

36.8 

27.9 

0.9 

40.0 

42.1 

22.7 

0.6 

45.0 

47.3 

17.7 

0.5 

50.0 

52.5 

14.9 

0.5 

60.0 

62.8 

11.3 

0.3 

75.0 

78.1 

9.7 

0.3 

85.0 

88.2 

8.0 

0.2 

95.0 

98.2 

5.3 

0.2 

105.0 

108.1 

5.6 

0.2 

120.0 

122.8 

4.7 

0.1 

135.0 

137.3 

5.7 

0.2 

146.0 

147.8 

6.4 

0.2 
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ANGULAR 
OF  41  Sc 

DISTRIBUTION 
FROM  4 °Ca(d ,n 

FOR  THE  2.096  MEV  STATE 

) 4 1  Sc .  E,  =  5.0  MEV. 

d 

Angle 

Angle 

Cross  Section 

Error 

(Lab . ) 

(C.M.) 

(mb/sr) 

(mb/sr) 

0.0 

0.0 

0.46 

0.07 

2.5 

2.7 

0.50 

0.05 

5.0 

5.3 

0.56 

0.05 

7.5 

8.0 

0.58 

0.06 

10.0 

10.6 

0.65 

0.05 

15.0 

15.9 

0.63 

0.05 

20.0 

21.2 

0.72 

0.05 

25.0 

26.5 

0.79 

0.05 

30.0 

31.8 

0.78 

0.05 

35.0 

37.1 

0 » 64 

0.04 

40.0 

42.3 

0 . 66 

0.04 

45.0 

47.5 

0.50 

0.04 

50.0 

52.7 

0.53 

0.04 

60.0 

63c  1 

0.47 

0.04 

75.0 

78.5 

0.23 

0.09 

85.0 

88.6 

0.38 

0.04 

95.0 

98.6 

0.32 

0.06 

105.0 

108.5 

0.32 

0.04 

120.0 

123.1 

0.30 

0.06 

135.0 

137.5 

0.20 

0.04 

146.0 

148.0 

0.21 

0.04 

ANGULAR  DISTRIBUTION  FOR  THE  2.415  MEV  STATE 
OF  41Sc  FROM  40Ca(d,n)41Sc.  Ed  =  5.0  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

3.70 

0.10 

5.0 

5.4 

3.69 

0.10 

10.0 

10.7 

3.48 

0.10 

15.0 

16.0 

3.52 

0.10 

20.0 

21.4 

3.25 

0.10 

25.0 

26.7 

2.98 

0.12 

30.0 

32.0 

2.65 

0.08 

35.0 

37.3 

2.21 

0.08 

40.0 

42.6 

1.99 

0.07 

45.0 

47.9 

1.77 

0.08 

50.0 

53.1 

1.54 

0.07 

60.0 

63.5 

1.13 

0.05 

75.0 

78.9 

1.10 

0.04 

85.0 

89.0 

0.92 

0.06 

95.0 

99.0 

0.79 

0.05 

105.0 

108.9 

0.91 

0.05 

120.0 

123.5 

0.71 

0.03 

135.0 

137.8 

0.71 

0.04 

146.0 

148.3 

0.53 

0.04 
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ANGULAR  DISTRIBUTION  FOR  THE  GROUND  STATE 
OF  41Sc  FROM  40Ca(d,n)41Sc.  Ed  =  6.0  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

4.49 

0.10 

5.0 

5.2 

4.29 

0.11 

10.0 

10.4 

3.63 

0.12 

15.0 

15.6 

3.09 

0.10 

20.0 

20.8 

3.05 

0.13 

25.0 

26.0 

2.92 

0.11 

30.0 

31.1 

3.32 

0.12 

35.0 

36.3 

3.75 

0.10 

40.0 

41.5 

4.11 

0.13 

45.0 

46.6 

4.30 

0.11 

50.0 

51.7 

4.45 

0.12 

60.0 

62.0 

4.24 

0.13 

65.0 

67.1 

3.96 

0.13 

75.0 

77.2 

3.46 

0.11 

85.0 

87.3 

3.19 

0.10 

95.0 

97.3 

2.52 

0.10 

112.5 

114.6 

1.88 

0.07 

120.0 

122.0 

1.61 

0.05 

135.0 

136.6 

1.28 

0.06 

145.0 

146.3 

1.26 

0.05 
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ANGULAR  DISTRIBUTION  FOR  THE  1.718  MEV  STATE 
OF  41Sc  FROM  40Ca(d,n)41Sc.  Ed  =  6.0  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

53.5 

1.2 

5.0 

5.3 

53.3 

1.3 

10.0 

10.5 

55.6 

1.5 

15.0 

15.7 

52.6 

1.3 

20.0 

21.0 

48.6 

1.2 

25.0 

26.2 

42.0 

0.9 

30.0 

31.4 

31.9 

0.7 

35.0 

36.6 

24.3 

,  0.6 

40.0 

41.8 

18.5 

0.5 

45.0 

47.0 

13.6 

0.4 

50.0 

52.2 

12.2 

0.3 

60.0 

62.5 

11.1 

0.2 

65.0 

67.6 

10.4 

0.3 

75.0 

77.8 

8.5 

0.2 

85.0 

87.9 

6.1 

0.2 

95.0 

97.9 

3.7 

0.1 

105.0 

107.8 

3.3 

0.1 

112.5 

115.2 

3.3 

0.1 

120.0 

122.5 

3.7 

0.6 

135.0 

137.0 

4.6 

0.2 

145.0 

146.6 

4.9 

0.2 

■  . 


. 

' )  \t 


ANGULAR  DISTRIBUTION  FOR  THE  2.415  MEV  STATE 
OF  41Sc  FROM  40Ca(d,n)41Sc.  Ed  =  6.0  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

5.21 

0.12 

5.0 

5.3 

5.14 

0.12 

10.0 

10.6 

4.78 

0.15 

15.0 

15.9 

4.35 

0.13 

20.0 

21.1 

4.00 

0.12 

25.0 

26.4 

3.15 

0.08 

30.0 

31.7 

2.54 

0.07 

35.0 

36.9 

2.04 

0.06 

40.0 

42.1 

1.57 

0.07 

45.0 

47.3 

1.28 

0.04 

50.0 

52.5 

1.25 

0.06 

60.0 

62.9 

1.11 

0.05 

65.0 

68.0 

1.18 

0.05 

75.0 

78.2 

1.13 

0.06 

85.0 

88.3 

0.88 

0  o06 

95.0 

98.3 

0.50 

0.03 

105.0 

108.2 

0.50 

0.03 

112.5 

115.5 

0.45 

0.06 

120.0 

122.9 

0.47 

0.03 

135.0 

137.3 

0.54 

0.04 

145.0 

146.9 

0.61 

0.03 
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ANGULAR  DISTRIBUTION  FOR  THE  2.719  MEV  STATE 
OF  41Sc  FROM  40Ca(d,n)41Sc.  Ed  =  6.0  MEV. 


r 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

0.0 

0.0 

1.34 

5.0 

5.3 

1.16 

10.0 

10.6 

1.03 

15.0 

15.9 

0.90 

20.0 

21.2 

0.52 

25.0 

26.5 

0.39 

45.0 

47.5 

0.27 

60.0 

63.1 

0.28 

65.0 

68.2 

0.30 

75.0 

78.4 

0.23 

Error 

(mb/sr) 

0.06 

0,05 

0.07 

0.08 

0.07 

0.07 

0.06 

0.05 

0.07 

0.04 


. 


ANGULAR 
OF  41  Sc 

DISTRIBUTION  FOR 
FROM  40Ca(d,n) 41 

THE  3.463  MEV  STATE 

Sc.  E.  =  6.0  MEV. 

a 

Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb  /  s  r ) 

Error 
(mb / s  r ) 

0.0 

0.0 

13.4 

0.3 

5.0 

5.4 

12.2 

0.4 

10.0 

10.8 

11.7 

0.4 

15.0 

16.2 

10.7 

0.3 

17.5 

18.9 

8.5 

0.2 

25.0 

27.0 

7.1 

0.2 

30.0 

32.3 

5.4 

0.2 

35.0 

37.7 

4.7 

0.2 

45.0 

48.3 

4.0 

0.2 

50.0 

53.5 

3.5 

0.1 

60.0 

64.0 

4.1 

0.2 

65.0 

69.2 

3.8 

0.1 

75.0 

79.5 

3.7 

0.2 

85.0 

89.6 

3.2 

0.1 

95.0 

99.6 

2.8 

0.1 

105.0 

109.5 

2.4 

0.2 

112.5 

116.8 

2.4 

0.2 

■ 

ANGULAR  DISTRIBUTION  FOR  THE  GROUND  STATE 
OF  41Sc  FROM  40Ca(d,n)41Sc.  Ed  =  6.5  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr 

0.0 

0.0 

4.00 

0.11 

5.0 

5.2 

3.71 

0.22 

10.0 

10.4 

3  o  50 

0.15 

15.0 

15.6 

3.36 

0.20 

20.0 

20.8 

2.97 

0.15 

25.0 

26.0 

2.96 

0.11 

30.0 

31.1 

3.42 

0.12 

35.0 

36.3 

3.85 

0.18 

37.5 

38.9 

3.97 

0.18 

41.5 

43.0 

3.79 

0.13 

45.0 

46.6 

4.17 

0.17 

52.5 

54.3 

3.83 

0.12 

60.0 

62.0 

3.62 

0.13 

65.0 

67.0 

3.28 

0.13 

75.0 

77.2 

3.01 

0.18 

85.0 

87.2 

3.02 

0.11 

95  .  0 

97.2 

2.28 

0.06 

105.0 

107.2 

2.01 

0.12 

120.0 

122.0 

1.12 

0.09 

130.0 

131.7 

0.78 

0.07 

145.0 

146.3 

0.82 

0.05 

ANGULAR  DISTRIBUTION  FOR  THE  1.718  MEV  STATE 
OF  41Sc  FROM  40Ca(d,n)41Sc.  Ed  =  6.5  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

53.0 

1.7 

5.0 

5.2 

54.4 

1.4 

7.5 

7.9 

54.5 

1.1 

12.5 

13.1 

54.3 

1.1 

15.0 

15.7 

51.8 

1.0 

20.0 

21.0 

46.2 

1.1 

25.0 

26.2 

37.1 

0.8 

30.0 

31.4 

28.1 

1.2 

35.0 

36 . 6 

19.1 

0.5 

45.0 

47.0 

12.1 

0.4 

52.5 

54.7 

11.7 

0.4 

60.0 

62.4 

11.3 

0.3 

65.0 

67.5 

9.3 

0.2 

75.0 

77.7 

7.5 

0.3 

85.0 

87.8 

4.3 

0.2 

95.0 

97.8 

2.5 

0.1 

100.0 

102.7 

2.3 

0.1 

105.0 

107.7 

1.9 

0.1 

120.0 

122.4 

1.9 

0.2 

130.0 

132.1 

2.5 

0.1 

145.0 

146.6 

3.3 

0.1 

. 
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ANGULAR 
OF  41Sc 

DISTRIBUTION 
FROM  48Ca(d,n 

FOR  THE  2.415  MEV  STATE 
) 4 1  Sc .  Ed  =  6.5  MEV. 

Angle 

Angle 

Cross  Section 

Error 

(Lab . ) 

(C.M. ) 

(mb/sr) 

(mb / s  r ) 

0.0 

0.0 

4.14 

0.12 

5.0 

5.3 

4.00 

0.15 

10.0 

10.5 

3.82 

0.17 

12.5 

13.2 

3.82 

0.13 

15.0 

15.8 

3.89 

0.14 

20.0 

21.1 

3.22 

0.15 

25.0 

26.3 

2.85 

0.16 

30.0 

31.6 

2.55 

0.15 

35.0 

36.8 

2.11 

0.07 

37.5 

39.4 

1.83 

0.09 

45.0 

47.2 

1.27 

0.10 

52.5 

55.0 

1.23 

0.09 

60.0 

62.7 

1.22 

0.13 

75.0 

78.0 

0.99 

0.08 

120.0 

122.7 

0.78 

0.43 

145.0 

146.8 

0 . 66 

0.30 
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ANGULAR  DISTRIBUTION  FOR  THE  3.463  MEV  STATE 
OF  1+1  Sc  FROM  40Ca(d,n)41Sc.  Ed  =  6.5  MEV. 


Angle 
(Lab . ) 

Angle 
(C.M. ) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

14.4 

0.4 

5.0 

5.4 

13.7 

0.3' 

7.5 

8.0 

12.2 

0.4 

10.0 

10.7 

11.8 

0.3 

12.5 

13.4 

11.7 

0.3 

15.0 

16.0 

11.2 

0.3 

20.0 

21.4 

7.4 

0.3 

25.0 

26.7 

5.9 

0.2 

30.0 

32.0 

5.0 

0.2 

35.0 

37.3 

4.0 

0.2 

37.5 

39.9 

3.7 

0.2 

41.5 

44.2 

3.3 

0.2 

45.0 

47.8 

3.8 

0.3 

52.5 

55.7 

2.7 

0.2 

60.0 

63.5 

3.5 

0.2 

65.0 

68.6 

3.2 

0.2 

145.0 

147.3 

1.1 

0.3 

> 
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ANGULAR  DISTRIBUTION  FOR  THE  GROUND  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 
(Lab . ) 

Angle 
(C.M. ) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

0.410 

0.030 

5.0 

5.1 

0.321 

0.022 

10.0 

10.3 

0.273 

0.041 

15.0 

15.4 

0.334 

0.030 

20.0 

20.5 

0.360 

0.029 

25.0 

25.7 

0.415 

0.042 

30.0 

30.8 

0.419 

0.045 

35.0 

35.9 

0.371 

0.036 

40.0 

41.0 

0.418 

0.044 

45.0 

46.1 

0.394 

0.034 

55.0 

56.3 

0.249 

0.030 

60.0 

61.3 

0.239 

0.021 

80.0 

81.5 

0.087 

0.014 

90.0 

91.6 

0.195 

0.023 

0 

V 

' 
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ANGULAR  DISTRIBUTION  FOR  THE  0.475  MEV  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 
(mb / s  r 

0.0 

0.0 

0.068 

0.011 

5.0 

5.1 

0.113 

0.014 

10.0 

10.3 

0.190 

0.030 

15.0 

15.4 

0.306 

0.021 

20.0 

20.5 

0.418 

0.030 

25.0 

25.7 

0.351 

0.025 

30.0 

30.8 

0.265 

0.026 

35.0 

35.9 

0.188 

0.022 

40.0 

41.0 

0.162 

0.021 

45.0 

46.1 

0.138 

0.021 

50.0 

51.2 

0.113 

0.046 

55.0 

56.3 

0.107 

0.022 

60.0 

61.4 

0.087 

0.014 

65.0 

66.5 

0.054 

0.014 

70.0 

71.5 

0.080 

0.025 

80.0 

81.6 

0.029 

0.012 

90.0 

91.6 

0.037 

0.009 

,  /  :•  '•  rrij*  '  '  ' 
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ANGULAR  DISTRIBUTION  FOR  THE  0.860  MEV  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 

Angle 

Cross  Section 

Error 

(Lab.) 

(C.M.) 

(mb/sr) 

(mb/sr) 

0.0 

0.0 

0.460 

0.030 

5.0 

5.1 

0.436 

0.039 

10.0 

10.3 

0.358 

0.039 

15.0 

15.4 

0.221 

0.026 

20.0 

20.6 

0.205 

0.020 

25.0 

25.7 

0.095 

0.030 

30.0 

30.8 

0.060 

0.015 

35.0 

35.9 

0.040 

0.012 

45.0 

46.2 

0.096 

0.015 

50.0 

51.3 

0.084 

0.023 

55.0 

56.4 

0.069 

0.034 

60.0 

61.4 

0.121 

0.030 

65.0 

66.5 

0.052 

0.013 

70.0 

71.5 

0.099 

0.015 

80.0 

81.6 

0.067 

0.012 

90.0 

91.6 

0.075 

0.015 

o.e* 
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ANGULAR  DISTRIBUTION  FOR  THE  1.177  MEV  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 

Angle 

Cross  Section 

Error 

(Lab . ) 

(C.M.) 

(mb/sr) 

(mb/sr) 

0.0 

0.0 

0.262 

0.022 

5.0 

5.1 

0.343 

0.027 

10.0 

10.3 

0.493 

0.047 

15.0 

15.4 

0.753 

0.041 

20.0 

20.6 

0.993 

0.062 

30.0 

30.8 

0.537 

0.037 

35.0 

36.0 

0.336 

0.024 

40.0 

41.1 

0.281 

0.035 

45.0 

46.2 

0.196 

0.034 

50.0 

51.3 

0.229 

0.072 

55.0 

56.4 

0.324 

0.023 

60.0 

61.5 

0.310 

0.024 

65.0 

66.5 

0.300 

0.025 

70.0 

71.6 

0.292 

0.023 

80.0 

81.7 

0.080 

0.018 

90.0 

91.7 

0.103 

0.014 

ANGULAR  DISTRIBUTION  FOR  THE  1.817  MEV  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 

Angle 

Cross  Section 

Error 

(Lab . ) 

(C.M.) 

(mb/sr) 

(mb/sr) 

0.0 

0.0 

0.202 

0.035 

5.0 

5.2 

0.244 

0.035 

15.0 

15.5 

0.513 

0.029 

20.0 

20.6 

0.622 

0.037 

25.0 

25.8 

0.462 

0.029 

30.0 

30.9 

0.378 

0.027 

35.0 

36.0 

0.279 

0.027 

40.0 

41.1 

0.178 

0.021 

45.0 

46.3 

0.160 

0.028 

50.0 

51.4 

0.235 

0.020 

55.0 

56.5 

0.201 

0.019 

60.0 

61.5 

0.228 

0.021 

65.0 

66 . 6 

0.190 

0.022 

70.0 

71.7 

0.201 

0.021 

80.0 

81.8 

0.092 

0.023 

90.0 

91.8 

0.061 

0.012 

.  j  f  .  :j  'c  ha  !  •'  t  ^ 
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ANGULAR  DISTRIBUTION  FOR  THE  1.947  MEV  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 
(Lab. ) 

Angle 
(C.M. ) 

Cross  Section 
(mb/sr) 

Error 
(mb/ sr) 

0.0 

0.0 

0.137 

0.030 

5.0 

5.2 

0.093 

0.024 

15.0 

15.5 

0.062 

0.014 

20.0 

20.6 

0.037 

0.016 

30.0 

30.9 

0.022 

0.013 

40.0 

41.2 

0.042 

0.013 

55.0 

56.5 

0.043 

0.014 

60.0 

61.6 

0.035 

0.013 

65.0 

66 . 6 

0.029 

0.013 

70.0 

71.7 

0.047 

0.014 

90.0 

91.8 

0.026 

0.009 

.  r*  • 
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ANGULAR  DISTRIBUTION  FOR  THE  5.026  MEV  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 

Angle 

Cross  Section 

Error 

(Lab . ) 

(C.M.) 

(mb/sr) 

(mb/sr) 

0.0 

0.0 

1.21 

0.11 

5.0 

5.2 

1.10 

0.10 

15.0 

15.7 

1.01 

0.11 

20.0 

20.9 

1.30 

0.07 

25.0 

26.1 

1.09 

0.06 

30.0 

31.3 

0.99 

0.06 

35.0 

36.5 

0.74 

0.10 

50.0 

52.0 

0.38 

0.04  ; 

55.0 

57.2 

0.39 

0.04 

65.0 

67.4 

0.36 

0.03 

70.0 

72.5 

0.32 

0.07 

• 

• 

• 
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ANGULAR  DISTRIBUTION  FOR  THE  5.647  MEV  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 

Angle 

Cross  Section 

Error 

(Lab . ) 

(C.M.) 

(mb/sr) 

(mb/sr) 

0.0 

0.0 

0.483 

0.084 

5.0 

5.3 

0.454 

0.062 

15.0 

15.8 

0.336 

0.050 

20.0 

21.0 

0.375 

0.050 

25.0 

26.3 

0.403 

0.033 

30.0 

31.5 

0.391 

0.043 

35.0 

36.7 

0.281 

0.035 

40.0 

42.0 

0.326 

0.043 

45.0 

47.1 

0.223 

0.057 

60.0 

62.6 

0.214 

0.036 

70.0 

72.9 

0.160 

0.029 

90.0 

93.0 

0.071 

0.018 

■  '■ 
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ANGULAR  DISTRIBUTION  FOR  THE  6.155  MEV  STATE 
OF  43Sc  FROM  42Ca(d,n)43Sc.  Ed  =  5.15  MEV. 


Angle 
(Lab . ) 

Angle 
(C.M. ) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

5.09 

0.21 

5.0 

5.3 

4.99 

0.19 

10.0 

10.6 

4.90 

0.22 

15.0 

15.9 

4.40 

0.16 

20.0 

21.2 

4.46 

0.20 

25.0 

26.5 

3.24 

0.13 

30.0 

31.8 

3.21 

0.13 

35.0 

37.0 

2.45 

0.11 

40.0 

42.3 

2.07 

0.09 

45.0 

47.5 

1.65 

0.08 

50.0 

52.7 

1.40 

0.07 

55.0 

57.9 

1.33 

0.06 

60.0 

63.1 

1.32 

0.06 

65.0 

68.2 

1.20 

0.06 

70.0 

73.3 

1.19 

0.05 

80.0 

83.5 

0.86 

0.06 

90.0 

93.5 

0.88 

0.06 

'  r 
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ANGULAR  DISTRIBUTION  FOR  THE  GROUND  STATE 
OF  49Sc  FROM  48Ca(d,n)49Sc.  Ed  =  5.5  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr 

0.0 

0.0 

0.232 

0.016 

5.0 

5.1 

0.230 

0.019 

10.0 

10.2 

0.252 

0.015 

15.0 

15.3 

0.256 

0.016 

20.0 

20.4 

0.311 

0.019 

25.0 

25.5 

0.299 

0.019 

30.0 

30.6 

0.319 

0.020 

35.0 

35.6 

0.326 

0.019 

40.0 

40.7 

0.311 

0.023 

45.0 

45.8 

0.267 

0.018 

55.0 

55.9 

0.194 

0.014 

65.0 

66.0 

0.147 

0.012 

75.0 

76.1 

0.146 

0.011 

95.0 

96.1 

0.147 

0.013 

110.0 

111.0 

0.126 

0.011 

120.0 

121.0 

0.112 

0.011 

• 
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ANGULAR  DISTRIBUTION  FOR  THE  3.071  MEV  STATE 
OF  49Sc  FROM  48Ca(d,n)49Sc.  Ed  =  5.5  MEV. 


Angle 
(Lab . ) 

Angle 
(C.M. ) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

0.419 

0.033 

5.0 

5.1 

0.485 

0.042 

10.0 

10.2 

0.636 

0.038 

15.0 

15.3 

0.702 

0.053 

20.0 

20.4 

0.729 

0.044 

25.0 

25.5 

0.567 

0.044 

30.0 

30.6 

0.368 

0.023 

35.0 

35.7 

0.247 

0.020 

40.0 

40.8 

0.200 

0.017 

45.0 

45.9 

0.194 

0.014 

55.0 

56.0 

0.240 

0.015 

65.0 

66 . 1 

0.211 

0.014 

75.0 

76.2 

0.114 

0.011 

95.0 

96.3 

0.075 

0.012 

110.0 

111.2 

0.081 

0.010 

120.0 

121.1 

0.066 

0.013 

■fc 
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ANGULAR  DISTRIBUTION  FOR  THE  4.472  MEV  STATE 
OF  49Sc  FROM  48Ca(d,n)49Sc.  Ed  =  5.5  MEV. 


Angle 
(Lab . ) 

Angle 
(C.M. ) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

0.245 

0.018 

5.0 

5.1 

0.298 

0.025 

10.0 

10.2 

0.393 

0.027 

15.0 

15.4 

0.453 

0.031 

20.0 

20.5 

0.529 

0.030 

25.0 

25.6 

0.406 

0.027 

30.0 

30.7 

0.275 

0.021 

35.0 

35.8 

0.125 

0.016 

40.0 

40.9 

0.075 

0.013 

45.0 

46.0 

0.089 

0.009 

55.0 

56.1 

0.138 

0.012 

65.0 

66.2 

0.122 

0.012 

75.0 

76.3 

0.073 

0.012 

95.0 

96.4 

0.036 

0.008 

110.0 

111.3 

0.046 

0.007 

120.0 

121.2 

0.049 

0.008 

ANGULAR  DISTRIBUTION  FOR  THE  5.008  MEV  STATE 
OF  49Sc  FROM  48Ca(d,n)49Sc.  Ed  =  5.5  MEV. 


Angle 
(Lab . ) 

Angle 
(C.M. ) 

Cross  Section 
(mb/sr) 

Error 
(mb/ sr) 

0.0 

0.0 

0.079 

0.015 

10.0 

10.2 

0.101 

0.017 

15.0 

15.4 

0.110 

0.013 

20.0 

20.5 

0.100 

0.015 

25.0 

25.6 

0.081 

0.014 

30.0 

30.7 

0.080 

0.012 

35.0 

35.8 

0.044 

0.012 

40.0 

40.9 

0.040 

0.010 

45.0 

46.0 

0.046 

0.012 

55.0 

56.2 

0.013 

0.009 

65.0 

66.3 

0.049 

0.007 

75.0 

76.4 

0.047 

0.010 

95.0 

96.4 

0.027 

0.009 

110.0 

111.3 

0.026 

0.009 

120.0 

121.2 

0.008 

0.003 

\ 

.  £ 

ANGULAR  DISTRIBUTION  FOR  THE  5.080  MEV  STATE 
OF  49Sc  FROM  48Ca(d,n)49Sc.  Ed  =  5.5  MEV. 


Angle 

Angle 

Cross  Section 

Error 

(Lab . ) 

(C.M.) 

(mb/sr) 

(mb/sr) 

0.0 

0.0 

0.058 

0.014 

10.0 

10.2 

0.081 

0.016 

15.0 

15.4 

0.088 

0.012 

20.0 

20.5 

0.093 

0.015 

25.0 

25.6 

0.095 

0.014 

30.0 

30.7 

0.108 

0.013 

35.0 

35.8 

0.105 

0.012 

40.0 

40.9 

0.076 

0.011 

45.0 

46.0 

0.064 

0.010 

55.0 

56.2 

0.066 

0.008 

65.0 

66.3 

0.044 

0.026 

75.0 

76.4 

0.012 

0.009 

95.0 

96.4 

0.027 

0.008 

ANGULAR  DISTRIBUTION  FOR  THE  5.655  MEV  STATE 
OF  49Sc  FROM  48Ca(d,n)49Sc.  Ed  =  5.5  MEV. 


Angle 
(Lab . ) 

Angle 
(C.M. ) 

Cross  Section 
(mb/ sr) 

Error 
(mb / s  r ) 

0.0 

0.0 

0.044 

0.015 

5.0 

5.1 

0.087 

0.011 

10.0 

10.3 

0.158 

0.012 

15.0 

15.4 

0.231 

0.015 

20.0 

20.5 

0.266 

0.017 

25.0 

25.6 

0.217 

0.017 

30.0 

30.7 

0.164 

0.016 

35.0 

35.8 

0.099 

0.010 

40.0 

40.9 

0.074 

0.012 

45.0 

46.0 

0.055 

0.016 

55.0 

56.2 

0.077 

0.009 

65.0 

66.3 

0.080 

0.010 

75.0 

76.4 

0.079 

0.023 

95.0 

96.5 

0.017 

0.004 

120.0 

121.3 

0.015 

0.004 

• 

- 

. 

% 

. 
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ANGULAR  DISTRIBUTION  FOR  THE  6.873  MEV  STATE 
OF  49Sc  FROM  48Ca(d,n)49Sc.  Ed  =  5.5  MEV. 


Angle 

(Lab.) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

0.570 

0.037 

5.0 

5.1 

0.279 

0.027 

10.0 

10.3 

0.181 

0.015 

20.0 

20.6 

0.138 

0.013 

25.0 

25.7 

0.097 

0.011 

30.0 

30.8 

0.101 

0.013 

35.0 

35.9 

0.069 

0.008 

40.0 

41.0 

0.064 

0.011 

45.0 

46.1 

0.056 

0.009 

65.0 

66.5 

0.037 

0.011 

ANGULAR  DISTRIBUTION  FOR  THE  7.050  MEV  STATE 
OF  49Sc  FROM  48Ca(d,n)49Sc.  Ed  =  5.5  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(mb/sr) 

Error 

(mb/sr) 

0.0 

0.0 

0.049 

0.018 

5.0 

5.1 

0.066 

0.016 

10.0 

10.3 

0.091 

0.010 

20.0 

20.6 

0.133 

0.012 

25.0 

25.7 

0.115 

0.015 

30.0 

30.8 

0.045 

0.010 

35.0 

35.9 

0.043 

0.009 

40.0 

41.1 

0.020 

0.008 

45.0 

46.2 

0.022 

0.066 

1  i  r± . w '  ' 


RELATIVE  ANGULAR  DISTRIBUTION  FOR  THE  GROUND  STATE 
OF  17F  FROM  1 60(d,n) 1 7F.  Ed  =  6.0  MEV. 


Angle 

Angle 

Cross  Section 

Relative 

(Lab.) 

(C.M. ) 

(arb.  units) 

Error 

0.0 

0.0 

0.128 

0.006 

5.0 

5.5 

0.125 

0.007 

7.5 

8.3 

0.134 

0.008 

10.0 

11.0 

0.164 

0.009 

12.5 

13.8 

0.194 

0.009 

15.0 

16.5 

0.217 

0.008 

17.5 

19.3 

0.240 

0.007 

20.0 

22.0 

0.245 

0.008 

25.0 

27.5 

0.290 

0.009 

30.0 

33.0 

0.298 

0.009 

35.0 

38.4 

0.275 

0.009 

40.0 

43.8 

0.252 

0.008 

45.0 

49.2 

0.189 

0.007 

50.0 

56.6 

0.151 

0.006 

60.0 

65.2 

0.089 

0.004 

65.0 

70.4 

0.069 

0.004 

75.0 

80.8 

0.057 

0.003 

85.0 

91.0 

0.070 

0.005 

95.0 

101.0 

0.071 

0.004 

105.0 

110.8 

0.086 

0.003 

112.5 

118.0 

0.084 

0.004 

120.0 

125.2 

0.079 

0.003 

135.0 

139.2 

0.064 

0.003 

145.0 

148.4 

0.047 

0.004 

. 

*  l: 
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RELATIVE  ANGULAR  DISTRIBUTION  FOR  THE  0.500  MEV  STATE 
OF  17F  FROM  1 60(d,n) 1 7F.  Ed  =  6.0  MEV. 


Angle 
(Lab . ) 

Angle 
(C.M. ) 

Cross  Section 
(arb.  units) 

Relative 

Error 

0.0 

0.0 

1.64 

0.03 

2.5 

2.8 

1.49 

0.03 

5.0 

5.6 

1.40 

0.03 

7.5 

8.3 

1.24 

0.03 

10.0 

11.1 

1.14 

0.03 

12.5 

13.9 

0.90 

0.02 

15.0 

16.7 

0.72 

0.02 

17.5 

19.4 

0.53 

0.01 

20.0 

22.2 

0.38 

0.01 

25.0 

27.7 

0.177 

0.005 

30.0 

33.2 

0.096 

0.005 

35.0 

38.7 

0.073 

0.004 

40.0 

44.1 

0.097 

0.009 

45.0 

49.5 

0.092 

0.005 

50.0 

54.9 

0.113 

0.005 

60.0 

65.6 

0.085 

0.005 

65.0 

70.8 

0.077 

0.004 

75.0 

81.2 

0.062 

0.004 

85.0 

91.4 

0.065 

0.005 

95.0 

101.4 

0.049 

0.001 

105.0 

111.2 

0.073 

0.004 

112.5 

118.4 

0.063 

0.004 

120.0 

125.6 

0.031 

0.004 

135.0 

139.5 

0.029 

0.009 

145.0 

148.7 

0.042 

0.006 

% 

\ 

V 

. 

. 
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RELATIVE  ANGULAR  DISTRIBUTION  FOR  THE  GROUND  STATE 
OF  17F  FROM  160(d,n)17F.  Ed  =  6.5  MEV. 


Angle 

Angle 

Cross  Section 

Relative 

(Lab . ) 

(C.M.) 

(arb.  units) 

Error 

0.0 

0.0 

6.7 

0.2 

5.0 

5.5 

7.1 

0.3 

7.5 

8.3 

7.9 

0.3 

10.0 

11.0 

8.4 

0.3 

12.5 

13.8 

9.8 

0.3 

15.0 

16.5 

10.7 

0.3 

20.0 

22.0 

11.0 

0.4 

25.0 

27.5 

11.6 

0.3 

30.0 

32.9 

12.2 

0.3 

35.0 

38.4 

9.4 

0.3 

37.5 

41.1 

9.9 

0.3 

41.5 

45.4 

7.6 

0.2 

45.0 

49.2 

6.3 

0.2 

52.5 

57.2 

3.5 

0.2 

60.0 

65.1 

1.9 

0.1 

65.0 

70.3 

1.1 

0.1 

75.0 

80.7 

1.0 

0.1 

85.0 

90.9 

1.4 

0.1 

95.0 

100.9 

2.0 

0.1 

100.0 

105.8 

2.2 

0.1 

105.0 

110.7 

2.6 

0.1 

120.0 

125.1 

3.2 

0.1 

130.0 

134.5 

2.7 

0.1 

145.0 

148.4 

2.3 

0.1 

RELATIVE  ANGULAR  DISTRIBUTION  FOR  THE  0.500  MEV  STATE 
OF  17F  FROM  160(d,n)17F.  Ed  =  6.5  MEV. 


Angle 

Angle 

Cross  Section 

Relative 

(Lab . ) 

(C.M. ) 

(arb.  units) 

Error 

2.5 

2.8 

59.3 

1.4 

5.0 

5.6 

58.5 

1.3 

7.5 

8.3 

52.9 

1.2 

10.0 

11.1 

44.4 

1.1 

12.5 

13.9 

38.1 

1.1 

20.0 

22.1 

14.5 

0.3 

25.0 

27.6 

6.5 

0.2 

30.0 

33.1 

4.0 

0.2 

35.0 

38.6 

2.1 

0.2 

37.5 

41.3 

2.8 

0.3 

41.5 

45.6 

2.7 

0.2 

45.0 

49.4 

3.3 

0.1 

52.5 

57.5 

3.5 

0.2 

60.0 

65.4 

3.4 

0.1 

65.0 

70.7 

2.8 

0.2 

75.0 

81.1 

2.4 

0.2 

85.0 

91.2 

1.9 

0.1 

95.0 

101.2 

1.9 

0.1 

100.0 

106.2 

1.7 

0.1 

105.0 

111.1 

1.7 

0.2 

120.0 

125.4 

1.8 

0.2 

130.0 

134.8 

1.1 

0.1 

145.0 

148.6 

1.0 

0.1 

1' 

RELATIVE  ANGULAR  DISTRIBUTION  FOR  THE  GROUND  STATE 


OF  13N  FROM  12C(d,n) 1 3N. 


Ed  =  6.5  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(arb.  units) 

Relative 

Error 

0.0 

0.0 

10.38 

0.29 

5.0 

5.6 

11.06 

0.35 

10.0 

11.2 

11.77 

0.50 

15.0 

16.8 

10.10 

0.33 

20.0 

22.3 

8.47 

0.26 

25.0 

27.9 

7.46 

0.25 

30.0 

33.4 

5.46 

0.20 

40.0 

44.3 

2.82 

0.11 

50.0 

55.2 

2.27 

0.08 

60.0 

65.9 

2.17 

0.08 

75.0 

81.5 

1.25 

0.06 

85.0 

91.7 

1.31 

0.06 

95.0 

101.7 

1.29 

0.06 

105.0 

111.5 

1.22 

0.07 

115.0 

121.1 

1.24 

0.06 

120.0 

125.8 

1.11 

0.07 

130.0 

135.2 

0.82 

0.05 

135.0 

139.8 

0.80 

0.05 

145.0 

148.9 

0.54 

0.04 

RELATIVE  ANGULAR  DISTRIBUTION  FOR  THE  2.365  MEV  STATE 
OF  13N  FROM  12C(d,n)13N.  Ed  =  6.5  MEV. 


Angle 
(Lab . ) 

Angle 

(C.M.) 

Cross  Section 
(arb.  units) 

Relative 

Error 

0.0 

0.0 

25.94 

0.54 

5.0 

5.8 

22.56 

0.52 

10.0 

11.6 

18.51 

0.43 

15.0 

17.4 

10.13 

0.25 

20.0 

23.1 

5.25 

0.14 

25.0 

28.8 

3.16 

0.12 

30.0 

34.5 

1.64 

0.06 

40.0 

45.8 

1.49 

0.06 

50.0 

57.0 

1.76 

0.11 

60.0 

67.9 

1.77 

0.08 

75.0 

83.8 

1.03 

0.05 

85.0 

94.1 

0.79 

0.07 

95.0 

104.1 

0.76 

0.07 

105.0 

113.8 

0.48 

0.10 

115.0 

123.2 

0.72 

0.09 

120.0 

127.9 

0.35 

0.08 

130.0 

137.0 

0.61 

0.06 

135.0 

141.4 

0 . 66 

0.07 

145.0 

150.2 

0.84 

0.06 

59 

67 

67a 

64 

65 

63 

64 

57 

61 

62 

64 

62 

65 

65 

60 
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